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QUANTITATIVE EVALUATION OF MICROSTRUCTURAL CHANGES OF 
APPLE UNDERGOING DIFFERENT HOT AIR DRYING TEMPERATURES 
 
SUMMARY 
During dehydration, transferring moisture from inner cells to the surface of food and 
then to the environment causes changes in microstructure of foods.  
Microstructural studies may progress the knowledge of drying methods and food 
characteristics, and provide adequate qualitative information and quantitative data 
appropriate to modelling. Changes in arithmetic attributes of cells could be quantified 
by image analysis.These days, numerous microscopes with high resolution and 
magnification influence can be used to investigate food microstructure. Microscopy, 
particularly if matched with image analysis, is a great tool for reviewing food 
microstructure. Not much quantitative results on the cellular structure damage 
undergoing HAD of apple as a function of drying temperature are available. 
Normally, in fast dehydration procedures, the surface of the food dries much quicker 
than its canter, this incident creates internal stresses and result in so cracked and also 
porous product. Wangand Brennan showed such incident by microscopy in potato 
during drying. Microsturucture of pre-treated and non-treated apples by hot air drying 
(HAD) and microwave method studied by C.Ramirez et al quantitivly, they heated 
apple samples in HAD till 65  in their experiments. Two 57   and 70  
temperatures are used for drying the apple slices that are used in industry as well. 
Setting the drying temperature high (70 ) causes case hardening and surface cracks 
in final product that could be used for instant soup or noodle ingredient. Setting the 
drying temperature low (57 ) forms an impermeable surface with no cracks on the 
final product. The dried apple could be used for breakfast cereals because of long 
bowl life, and also are used for direct consuming by customers. 
Deformation in food microstructure happens because of moisture losing. Food 
microstructural changes is significant as these changes are straight connected to 
physical properties of dried food such as  size, shape, and texture, which directly 
have an effect on consumer acceptance. So alteration in most physical properties are 
definitely due to changes in the product microstructure.  
Nevertheless, microstructural changes of food can be quantified and interpreted with 
use of proper evaluation algorithms. Fractal analysis and also cellular parameters, 
area and perimeter analysis is among the techniques that have been proposed to 
achieving quantifying.  
In this research, the effect of two different Hot Air Drying (HAD) temperatures, 57 
and 70°C, on apple microstructure characterized by cell size parameter has been 
studied. The induced changes by temperature on the water loss rate during air drying 
have been considered. Two methods of oven derying method and Near Infrared 
methods used to measure the moisture contants. 
Micrographs and higher magnified images captured by Confocal Laser Scanning 
Microscopy (CLSM) and Scanning Electron Microscopy (SEM) showed a disruption 
of the cell wall due to the hot air dryer. The results show that cell wall disruption can 
be assumed as the drying rate effect. Changes of the product’s physical 
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characteristics can be due to the changes in food microstructure, and moisture content 
change is the most important feature of food drying that affects the other physical 
characteristics. However, there is not much quantitative information available to 
explain the exact microstructural changes of food undergoing drying. The aim of the 
present study is to find quantitative relationships between microstructural changes 
and the moisture content of a food material (apple).  
The moisture content was measured by oven and Near Infrared (NIR) methods. 
Results showed that NIR can be used as a non destructive and fast method for 
measuring moisture content. The microstructural changes were characterized 
quantitatively in terms of the normalized changes of the average cell perimeter 
( ) of the samples’ microstructural images.  
Two methods of scanning (SEM and CLSM ) were used to show these changes, and 
the results showed that SEM sample preparation procedure can affect the sample 
structure. A comparison between SEM and CLSM images showed that the effect of 
shrinkage was not the same for all samples. SEM images show more shrinking at the 
beginning of the capturing compare to CLSM images, which can be due to the critical 
point drying (CPD) at the sample preparation stage for SEM. 
In this study, cell perimeterof a fresh and dehydrated apple samples was obtained 
from its microstructural image by using ImageJ software .For analysing images first 
they were converted to a binary mode, the cell spaces were then sectioned from 
intercellular spaces and the cell walls. The cell premiere and area was assessed with 
the hypothesis that each cell was spherical. The average cell diameter was calculated 
from the histogram obtained from a cell perimeter and area distribution curve. To 
evaluate the changing rates of the average sample cell perimeter and area the 
normalized change of the average cell diameter is accounted.  
The average cell perimeter for each drying temperature was calculated separately in 
Microsoft Excel. The distribution of the cells’ perimeter in every drying temperature 
for different time intervals was evaluated by the MATLAB program. We calculated 
the cell perimeter in both SEM and CLSM images.  
Obtained values from MATLAB show that the average cell perimeter of each sample 
changes during drying. We also generalized, tested, and compared two indicators 
(  and ) which could be applied for monitoring microstructural features. 
The results showed that either o or  are indicators for sufficient 
generalized microstructural change and correlate well with the moisture content 
decrease during drying. However, the phenomenon that occurs toward the end of 
drying is that moisture content became lower( = 0.01), at the same time  
kept increasing constantly, but the moisture content of the sample did not change 
greatly. This can be due to the continual collapse in the microstructure of the sample 
when the drying time increases. In addition, this feature can be explained by 
migrating water within the cells at the later stage of drying, leading the cells to be 
pulled down and collapsed. 
On the other hand, at a low moisture level, the sample temperature came close to the 
drying temperature. Drying of foods is a way to increase the glass transition 
temperature. At this stage, the sample drying temperature is higher than the glass 
transition temperature. Therefore, a structural collapse occurs in the sample in the 
second stage more than the initial stages, hence considerable changes in the 
microstructure occur even when the moisture content is near to constant value and 
xvii 
 
does not change much. Disruption of cell walls can be also considered as a factor that 
affects the rate of drying. Correlations between  and  were assessed by the 
correlation coefficient. A logical correlation was found with the of about 0.9459 . 
This value indicates that a decrease in moisture content during dehydration 
significantly affects the changes in dimensional changes. 
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FARKLI SICAK HAVA KURUTMA DERECESINE MARUZ KALAN 
ELMANIN MİKROYAPISAL DEĞİŞİM  NİCEL DEĞERLENDİRİLMESİ 
ÖZET 
Dehidrasyon sırasında, nemin iç hücrelerden  gıda yüzeyine ve daha sonra çevreye 
aktarilmasi gidalarin mikro yapilarinda  değişikliklere neden olur. Mikroyapı 
çalışmaları kurutma yöntemi ve gidanin karakteristik ozellikleri hakkinda bilgi 
verebilir ve modelleme icin yeterli nitel bilgi ve nicel veri sağlayabilir. Hücrelere 
bagli aritmetik degisikligin miktari  goruntu analizi sayesine belirlenebilir.  
Son zamanlarda, yüksek çözünürlüge ve büyütme etkisine sahip çok sayıda 
mikroskoplar gıdalarin mikroyapilarini araştırmak için kullanır.Mikroskopi, gidalarin 
mikroyapılarını incelemek icin harika bir alettir özellikle birde analiz edilen 
goruntuyle uyuyorsa. Kurutma sicakliginin bir fonksiyonu olan HAD ye maruz kalan 
elmalarin hucresel yapilariyla ilgili cok sayida nicel sonuclar yoktur. Normalde, hızlı 
dehidratasyon islemleri sirasinda  gidanin yuzeyleri merkezine   gore daha hizli kurur 
ve bu iç gerilmelere sebeb olur  ve bunun sonucunda kırık ve gözenekli urun ortaya 
cikar.  
Wangand Brennan buna benzer olaylari patetesi kurutma islemi sırasında  
mikroskopla  gösterdi. Onceden sicak hava kurutmasiyla on islem gormus ve hic 
gormemis elmalarin mikroyapilari ve mikrodalga metodu C.Ramirez et al tarafindan 
nicel olarak calisilmis ve onlar deneylerinde  elma orneklerini sicak hava 
durutmasinda 65 dereceye kadar isitmislar. Sanayidede kullanilan elma dilimleri 57 
ve 70 ℃  derecelerinde kurutulur. Kurutma sicakligi (70 ℃) yuksek ayarlanirsa 
urunde doku sertlesmesine ve yuzey catlamasina neden olur, ve bu urunler hazir 
corba ve sehriye yapiminda kullanilabilir. Eger düşük kurutma sıcaklığı (57℃) 
ayarlanirsa, urunun yuzeyinde catlak olmayacagi gibi gecirmez bir yuzey olusur. 
Kurutulmuş elma, kasede uzun omurlu oldugu icin kahvaltılık tahıllarda kullanılabilir 
ve aynı zamanda müşteriler tarafından doğrudan kullanılabilir. Gıdalardaki nem 
kaybindan dolayi gidalarin  mikroyapilarinda  deformasyon olabilir.  
Gidalardaki mikroyapisal degisiklikler kurutulmus gidalarin dogrudan  boyut, sekil, 
and yapi gibi fiziksel ozellikleriyle baglanti oldugundan onemlidir ve bunlar 
mustreinin urunu kabul etmesinde etkili factorlerdir.  
Bu nedenle çoğu fiziksel özelliklerdeki değişimler  ürünun mikroyapisindaki 
değişikliklerle kesinlikle bağlantilidir. Bununla birlikte, gıdalarin mikroyapısindaki 
değişiklikler uygun değerlendirme algoritmaları kullanımı sayesinde olculebilir ve 
yorumlanabilir.  Fraktal analiz ve ayrica hücresel parametreler, alan ve çevre analizi 
miktari belirlemek icin onerilen teknikler arasında yer almaktadır. 
Bu araştırmada, 57 ve 70 oC olmak  uzere iki farklı Sıcak Hava Kurutma (HAD) 
sıcaklığının hucre boyutlu parametreler tarafindan tanimlanan elma mikroyapısi 
üzerindeki etkisi incelenmiştir. Havayla kurutma esnasında sıcaklık tarafından 
meydana gelen  değişikliklerden kaynakli su kaybı oranı hesaba katılmıştır. Firinda 
kurutma ve yakin kizilotesi metodlari nem iceriklerini olcer. Konfokal Lazer Tarama 
Mikroskobu (CLSM) ve Taramalı Elektron Mikroskobu (SEM) sayesinde elde 
edilmis olan mikrograf ve yüksek oranda büyütülmüş görüntüler ile sıcak hava 
kurutucusundan meydana gelen  hücre duvarındaki  bozulma ortaya cikarilir.  
Sonuçlara göre hücre duvarındaki bozulma kurutma oraninin etkisi olarak kabul 
xx 
 
edilebilir. Ürünün fiziksel özelliklerindeki değişiklikler gıdanın mikroyapısindaki 
değişikliklerden kaynakli   olabilir, ve nem içeriği değişikliği, gıda kurutulmasinda 
diger fiziksel ozelliklerini etkilemesi  acisindan en onemli bir ozelliktir. Fakat, 
kurutma islemi goren gıdanın gerçek mikroyapısal değişikliklerini açıklamak için 
yeterli nicel bilgi bulunmamaktadır.  Bu çalışmanın amacı, gida malzemesi olan 
elmanin mikroyapı değişiklikleri ve  nem içeriği arasındaki nicel ilişkileri bulmaktır. 
Nem içeriği fırın ve yakın kızılötesi (NIR) metodları kullanılarak ölçüldü. Sonuçlar,  
NIR methodunun  nem içeriğinin ölçülmesinde zararsiz ve hızlı bir yöntem olarak 
kullanılabileceğini göstermiştir. Mikroyapısal değişimler, numunenin mikroyapısal 
imajlarının ortalama hucre sınırının ( ) normalize edilmiş değişimleri cinsinden 
karakterize edilmiştir.  
İki tarama yöntemi (SEM ve CLSM)  bu değişiklikleri göstermek için kullanılmıştır 
ve sonuçlara gore SEM örnek hazırlama prosedürü örnek yapısını etkilemistir. SEM 
ve CLSM görüntüleri karşılaştırıldiginda görüntülerdeki küçülme butun ornekler icin 
ayni degildi. SEM goruntuleri baslangicta CLSM goruntulerine gore daha fazla 
kuculme gosterdi  ki bu SEM’ in   örnek hazırlama aşamasındaki kritik kurutma 
noktası (CPD) nedeniyle olabilir. Ayrıca, mikroyapısal özelliklerin gözlenebilmesi 
için kullanılabilecek olan iki indikatör ( and ) genelleştirildi, test edildi ve 
karşılaştırıldı.  
Sonuçlar  yada  in yeterli bir genelleştirilmiş mikroyapısal değişim 
indikatöru olduğunu ve kuruma sırasında nem içeriğinin azalması ile iyi bir baglanti 
kurdugunu göstermiştir. Bu çalışmada, taze ve kurutulmuş elma örneklerinin hucre 
cevre uzunlugu  ImageJ  yazılımı kullanarak onun mikroyapisal  görüntüsunden  elde 
edildi. Goruntuyu analiz etmek icin ilk önce goruntu ikili moda dönüştürüldü sonra, 
hücre boşluklari hucreler arasi bosluklardan hucra duvarlarina gore bolumlendi.  
Hücre galası ve alan her hücre küresel olduğu hipotezi ile değerlendirildi. 
Ortalama hücre çapı, hücrenin çevre ve alan dağılımı eğrisinden elde edilen 
histogramdan  hesaplanmıştır. Ortalama örnek hücre çevre ve alan değiştirme 
oranlarıni değerlendirmek için normalize edilmis ortalama hucre capi degisimi 
hesaba katilmistir. Her kurutma sıcaklığı için ortalama hücre çevresi  Microsoft 
Excel'de ayrı ayrı hesaplanmıştır. Farklı zaman aralıkları için, her kurutma 
sıcaklığındaki hücrelerin çevre dağılımı MATLAB programı ile değerlendirildi. Biz 
hücre çevresini  SEM ve CLSM görüntüleri ile hesapladik. MATLAB den elde edilen 
değerler her  bir ornegin ortalama cevre uzunlugunun kurutma esnasinda degisecegini 
gosterdi.  Fakat kurutma sonunda ortaya cikan olaya gore nem icerigi dusuk cikmistir 
( = 0.01), ayni zamanda  artan bir sekilde sabit kalmistir, ama numune 
nem icerigi buyuk olcude degismemistir. Bu durum kurutma süresi arttıginda, 
numunenin mikro yapısi içerisindeki sürekli bir çökmeyle  aciklanabilir.  
Buna ek olarak, bu özellik, kurutmanin daha sonraki bir aşamasinda hücre içindeki su 
göçunun hücreleri aşağı çekmesine ve cokmesne yol acmasi ile aciklanabilir.Öte 
yandan, düşük nem seviyesinde, numune sıcaklığı kurutma sıcaklığına yakın 
cikmistir. Gıdaları Kurutma islemi cam geçiş sıcaklığını artırmak için bir yoldur. Bu 
aşamada, örnek kurutma sıcaklığı, cam geçiş sıcaklığından daha yüksektir. Bu 
nedenle, numunenin yapısal çöküşu ilk asamadan ziyade ikinci asamada daha cok 
ortaya cikar , bu yuzden mikroyapidaki  buyuk olcude degisim nem icerigi nerdeyse 
sabit degere vardiginda ve  degismedigi  zaman ortaya cikar. Hücre duvarlarının 
bozulması da kurutma oranını etkileyen bir faktör olarak kabul edilebilir. 
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 ve  arasındaki iliski  korelasyon katsayısı ile değerlendirilebilir. Mantıklı 
bir iliski ile (yaklasik 0,9459 olarak) bulunmuştur. Bu değer dehidrasyon sırasında 
nem içeriğindeki dusmenin önemli ölçüde boyutsal değişiklikleri etkileyecegini 
gosterir. 
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1.  INTRODUCTION 
Dehydration of fruits has been known as one of the most common methods for 
improving fruit stability because, in the dehydration process, the water and 
microbiological activity of the product reduces considerably, and during storage the 
physical and chemical changes become minimal.  
Nowadays, the demand for food which keeps the organoleptical and nutritional 
properties of the initial fresh product after processing is increasing. As a result, 
dehydrated fruits that have quality close to the initial product, long shelf life, and 
minimum changes in the quality of product during storage are required. Studying the 
factors that lead to reduction of the food’s quality during drying is important. One of 
the physical changes that occurs in food during dehydration is the reduction in the 
dimension of the initial product (Mayor and Sereno 2004). The most important 
method to preserve fruits and vegetables is drying. This process significantly reduces 
the water activity (aw) and microbiological activity of the objects. Consequently, 
drying develops stability and minimizes physical and chemical changes during dried 
product storage (Doymaz 2009). The main aim of drying fruits is to extend shelf life 
without adding any chemical preservatives. However, drying reduces the package 
size, package cost, transportation, and storage cost (Heldman and Lund 2007). One 
of the most common drying methods of fruits and vegetables is sun drying. This 
method seems to be the cheapest, but due to the long drying time it is notcost 
effective. Another disadvantage of this method is contamination danger of the 
product exposed to the air (Kostaropoulos and Saravacos 1995). Various drying 
methods consist of hot air drying, convective, osmotic, vacuum, microwave, solar, 
and freeze drying used for drying apples.  
All of the mentioned methods have several disadvantages. For example, solar dryers 
involve a restriction time of solar radiation and freeze drying is a high cost method. 
Freeze drying is a process that damages the cellular structure of fruits by ice crystal 
development and recrystallization (Tegge 1989). Among all of the previous methods, 
hot air drying is the most commonly used dehydration method in the food industry. 
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Hot air dryers, which are far more rapid, are more hygienic and provide uniformity. 
However, the quality of air-dehydrated products is often low, as the physical 
properties are often inferior (Li-Shing-Tat and Jelen 1987). For example, hot air 
dehydration of fruits may produce discoloration due to the pigment concentration 
and/or degradation. This can decrease the rehydration capacity after dehydration. 
Chemical changes, like the chemical degradation of nutrients, are also observed. 
It is important to understand the microstructure of initial products during and after 
processing along with related physical and chemical phenomena to reduce the 
negative effects of these changes (Mayor, Silva et al. 2005). 
The properties of dried fruits can be categorized into two major categories (Krokida, 
Kiranoudis et al. 2000): 
a) Engineering properties such as:  
Effective moisture diffusivity 
Effective thermal conductivity 
Drying kinetics  
Specific heat 
Equilibrium moisture content 
b) Quality properties such as:  
Thermal properties (state of product: glassy, crystalline, rubbery) 
Structural properties (density, porosity, pore size, specific volume) 
Textural properties (compression test, stress relaxation test, tensile test) 
Optical properties (color, appearance) 
Sensory properties (aroma, taste, flavor) 
Nutritional characteristics (Vitamins, proteins)  
Rehydration properties (rehydration rate, rehydration capacity) 
The effects of drying methods such as convective, vacuum, microwave, osmotic, and 
freeze drying have been considered on drying kinetics, equilibrium moisture content, 
density, shrinkage, and the porosity of dehydrated apple. Shrinkage is an important 
factor that changes the structure during drying, and occurs at the drying stage in the 
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high moisture tissues of fruit and vegetables when the viscoelastic medium bonds in 
the cell space are removed. This space was initially filed by water.  
1.1 Purpose of Thesis 
Purpose of this thesis is to investigating new temperatures and methods for achieving 
desired quality of apple fruit and finding a quantitative indicator of drying besides 
moisture that is microstructural changes. 
1.2 Literature Review 
Due to the importance of shrinkage and related dimensional changes in food quality, 
shrinkage has been frequently studied by simple direct measurements. Furthermore, 
shrinking can be obtained from the changes in related factors such as porosity and 
density. The problem of measuring porosity, density, and shrinkage physically or 
with the usual methods is that changes in structural dimensions such as perimeter and 
diameter during dehydration are not isotropic. By using microscopic techniques and 
image analysis methods such as ImageJ or other software, more accurate data for 
shrinkage are becoming available (Aguilera 2005). The focus of this literature review 
will be on the researches about the physical and structural changes of fruits that 
occur during and after drying with different drying methods. For better 
understanding, we categorized these changes into three different groups related to: 
1) Physical changes 
2) Microstructure changes (different methods of micros copies) 
3) Investigating physical changes along with microstructure changes 
1.2.1 Physical properties 
(Ramos, Brandão et al. 2003) studied the physical changes of apples during drying. 
They defined shrinkage as the water loss of a material during the drying process, 
which reduces the cellular size. They showed that the important physical properties 
that characterize the quality of dried and intermediate moisture foods are shrinkage, 
porosity, bulk density, and particle density. These properties have been studied in 
apple fruit during and after drying by hot air drying method. 
They stated that during drying, the product porosity increases as the water and 
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volatiles are removed. However, they stated that the porosity of the final product can 
be controlled if an appropriate drying method is chosen. But they did not state any 
specific method for drying or any temperature and humidity for any specific food 
stuff to control the porosity. Therefore, it could be an interesting area of study for 
improving the quality of dried fruits. 
Furthermore, (Karathanos, Kanellopoulos et al. 1996) performed studies on the 
porous structure of potato, carrots, and apples in the drying process. They showed 
that the average pore size of samples was considerably decreased with increasing 
drying time in hot air drying and freeze drying. The pore size of freeze dried samples 
was much bigger than the pore size of air dried samples. They showed that the pore 
size decrease was due to the cell structural collapse of food materials which occurred 
in air dried samples during the drying process. They said that porosity was developed 
particularly in the last periods of dehydration. Therefore, the development of porous 
structure has been studied completely in their work. 
(Meisami-asl, Rafiee et al. 2009) studied the apple thin-layer drying according to the 
mathematical models. Drying time decreased with increasing drying air temperature. 
The results showed that highest drying ratio was gained at the highest dehydration air 
temperature (80°C) in their experiments. They results showed that the Midilli et al. 
model could be used to provide details on moisture transfer in apple samples. The 
most remarkable subject in their work was choosing a model that can be used 
between drying air temperatures of 40°C and 80°C. 
(Funebo, Ahrne et al. 2002) studied the effect of microwave and convective 
dehydration in simple, ethanol pre-treated, and frozen apples. They studied the 
physical properties, drying kinetics, and microstructure changes of apples after 
dehydration. They set the drying heat at three different temperatures: 50, 60, and 
70°C, and the purpose of doing so was to investigate the possible influence of the 
enzyme pectin methyl esterase (PME) in the dehydration process. The texture and 
firmness of dehydrated apple pieces were studied, which showed that firmness 
increased linearly with increasing temperature during dehydration. It was seen that 
the apples dehydrated at 70 , and were almost twice the firmness of the apples dried 
at 50  (Table1.1). The hardest apple slices in the drying state were the fresh samples 
without any pre-treatment. They measured the firmness and showed that the samples 
were 5–9 times harder than fresh apples. The ethanol pre-treatment method that they 
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used is not practical in industries. With investigating practical pre-treatments, the 
quality of convective dried apples could be improved and it could be studied as a 
useful area of investigation. 
(Doymaz 2009) described thin-layer drying in green apple slices. He used citric acid 
as a pre-treatment solution and showed that pre-treated apple slices with citric acid 
solution had higher drying rates and better color. He studied the effect of citric acid 
on the rehydration of red apples (Doymaz 2010). He dipped the samples for 2 
minutes in a solution of 0.5 % citric acid before drying. Dried samples at 
temperatures ranging from 55 to 75  have been considered. 
Table 1.1 :  Physical characteristics of the dehydrated samples (Funebo, Ahrne et al. 
2002). 
 
 
He showed that rehydration rate is higher in 70 than 60 . He used citric acid for 
preventing color changes in enzymatic browning, and inactivating enzymes for 
preventing color changes can be done by pre-treatments before drying. Some of these 
pre-treatments such as sodium and potassium hydroxide, potassium carbonate, 
potassium meta bisulphate, methyl and ethyl ester emulsions, ascorbic acid, and 
citric acid reduce the drying time by relaxing tissue structure. However, the ascorbic 
and citric acid (as a natural acid) are usually used for preventing color changes 
(Kingsly, Goyal et al. 2007).  
(Mavroudis, Wadso et al. 1998) studied the osmotic dehydrated apple at 20 and 
45°C. It was found that the same raw materials may lead to different structural 
products when changing the temperature and humidity. Processing conditions could 
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be set up according to the final desired product. If dried fruits are used as an instant 
soup ingredient, the dried fruits rehydration capacity should be high. Therefore, 
forming case hardening, which eventually forms surface cracks, is needed. It can be 
obtained by setting the temperature at a high level and the humidity at a low level. 
However, if dried fruits are used for breakfast cereals, long bowl life is needed. 
Drying should be done at a low temperature to form an impermeable surface without 
cracks.  
Equally, the nutritional contents could be retained at maximum level by setting the 
optimum processing conditions of temperature. No quantitative results are available 
in literature about the cellular structure damage during drying. Therefore, structural 
damage of the hot air-dried apples as a function of humidity and temperature in 
drying should be studied.   
(Lee, Salunkhe et al. 1967) studied the chemical and histological changes in dried 
apple samples. The methods of drying were air-dried, freeze-dried, and osmoticaly 
treated freeze-dried. Air-dried samples showed stretched and thinned cell walls 
compared to other drying methods, and the intercellular air spaces enlarged at the 
end of drying. However, in all drying processes they did not discuss the drying 
conditions. 
(Lewicki and Jakubczyk 2004) studied the effect of convective air drying 
temperature and water content on the mechanical properties of apples. They placed 
the samples in a metal cylinder and compressing them with a piston. Relative 
relaxation, stress, and volumetric shrinkage were calculated. They showed 
quantitatively that hot air drying (HAD) of apple slices at different temperatures lead 
to final products with variable water content and different volumetric shrinkage 
(Table 1.2).  
Table 1.2 :   Characteristics of dry materials (Lewicki and Jakubczyk 2004). 
 
 This table indicates that the time of drying at 50 °C was about 40% longer than 
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70°C. They showed numerically that increasing drying temperature from 50 °C to 80 
°C causes the decrease in volumetric shrinkage from 0.58 SV to 0.49.  The amount of 
diameter shrinking of apple slices during hot air drying was about 14–20%. They 
showed that the relationship between the convective drying temperature and 
volumetric shrinkage between 50 and 70 °C is linear (Fig. 1.1). But at 80 °C, the 
volumetric shrinkage was less than the linear relationship. They almost conducted a 
complete survey on the physical properties of dried apples. 
 
 
Figure 1.1 : Relationship between temperature and drying time to 0.1 g/g d.m.,     
 and the effect of hotair temperature on shrinkage  
(Lewicki and Jakubczyk 2004). 
 
1.2.2 Determination of water content by NIR  
Near infrared spectroscopy (NIRS) is a rapid and non-destructive method which has 
been applied more significantly for food quality evaluation recently. (Cozzolino, 
Murray et al. 2005) used this method to determine the content of moisture and free 
fatty acids in fish oils. They used the low standard errors of prediction (SEP) and 
high correlation coefficient (r), and demonstrated that fish oil hydrolytic spoiling of 
lipids, which has negative effects on the oil use and storage, could be monitored by 
using partial least-squares (PLS) regression and NIRspectroscopy.  
(Hall, Robertson et al. 1988) used near-infrared spectroscopy for the quality 
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evaluation of black tea based on theaflavin and moisture content. Moisture content 
was evaluated with a standard error of prediction (SEP) of 0.39% in the range of 
8.9% to 17.3% according to dry base. The results of the NIR spectra were reported in 
the range of 1380 to 2380 nm of wavelength.  
(Yeh, Anantheswaran et al. 1994) developed a method to determine moisture content 
in microwave-heated foods by means of near infrared spectroscopy. Spectra were 
gathered from the potato samples and were tested to correlate the water content in 
potatoes with the spectral reflectance. The partial least squares method was applied 
to expand a calibration model and to decide on a prediction model for water content 
based on spectral information. Furthermore, they validated the NIRS technique in the 
determination of moisture content by performing the measurement of moisture 
content in the oven-drying technique. The optimal prediction was found at the 
wavelength region of 536 to 1960 nm. The validation test demonstrated that the 
NIRS method predicted the moisture amount with a standard error of cross validation 
of 0.72%.   
(Hermida, Gonzalez et al. 2001) measured moisture, solids-non-fat, and fat in butter 
by NIRS. Sample preparation or pre-treatment was needed prior to measurements. 
NIR spectroscopic method was performed in the range of 400 to 2500 nm, and the 
amount of prediction R
2 
for water content by NIR analysis was evaluated to be 0.83. 
While they applied mean square prediction error (SPE) analysis, they obtained a 
strong calibration form.   
(Fassio and Cozzolino 2004) used NIRS as a method to predict moisture content in 
sunflower seeds samples, and the wavelength of 400-2500 nm was used for scanning 
in the visible and near-infrared region. Calibration models were expanded using 
modified partial least-squares regression. The amount of R
2 
in calibration was 0.95% 
and the standard error in cross validation was 3.3%. From all the data, they 
concluded that NIRS is a proper procedure as an instrument for rapid pre-screening 
of quality properties on reproduction programs. 
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1.2.3 Micro-structural properties 
1.2.3.1 Different microscopy methods 
The structure of fruits is an important quality parameter after drying. (Ramos, Silva 
et al. 2004) studied the shrinkage of grape slices at the microscopic level by image 
analysis, and quantified numerous parameters directly related to cellular dimensions. 
In their experiments, fresh grape pieces were used as their samples and dried at 20 to 
60  . A regular shrinkage of grape cells was found during the process. A digital 
colour video-camera was used for image analysis, and the images were captured at 
specific interval times. Snappy software was used to determine the elongation, area, 
perimeter, roundness, and compactness. Among all these factors, there is a direct 
relation between cellular area and shrinkage. The researchers showed quantitatively 
that increasing the temperature raises the rate of cellular shrinkage, and observed that 
the cells’ dimensions changed during the first stage of drying, but their shape did not 
change. During these experiments they did not observe any steady change of cellular 
elongation, roundness, or compactness in constant intervals of time. As a result, they 
did not make any generalization on the effect of temperature on these parameters. 
This work could be carefully extrapolated for better quality of raisin products. 
(Ramírez, Troncoso et al. 2011) studied the result of immersing in boiling water, 
vacuum impregnating, and freezing/thawing on apples’ microstructure in the drying 
process. They showed that the physical changes by pre-treatments on apple samples 
affect the moisture loss in drying. Furthermore, dimensional parameters (area, 
perimeter, and diameter) of cells and cell cavities were measured. Water loss during 
the air drying of the apple slices was studied using two models. In first model, it was 
assumed that moisture migrates only by diffusion and in the second model it was 
shown that the physical properties of the materials differ with changes in the 
microstructure of the apple samples during drying. A digital camera was used to 
photograph the cell structure in a light microscopy. To quantify the changes in the 
apple structure, cell cavities were distinguished with measuring cell area, cell 
perimeter, and cell diameter. They demonstrated that freezing/thawing and 
immersion in boiling water were the pre-treatments that critically customized the 
microstructure by raising the cell cavities size.   
The main reason for this phenomenon was the disruption of cell walls. The drying 
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rate was affected by the pre-treatment, especially freezing/thawing. Immersion in 
boiling water decreases the samples’ rate of moisture content loss more quickly than 
in the control and vacuum impregnated samples.  
They demonstrated that one of the most important factors that affects the water 
released from the tissue could be cell cavities dimension. They illustrated that water 
moves in vegetal tissue through cell membranes, plasmodesmata, and cell walls. This 
lead them to hypothesise that the microstructure described by cell size may have an 
important role in the transport phenomena when combined with the drying process. 
However, they did not demonstrate this matter in this work. Furthermore, the 
microstructural effect on the water release behaviour in different kinds of drying 
processes could be studied as well. 
(Lewicki and Wiczkowska 2006) investigated the relationship between water activity 
and structural collapse during dehydration in the freeze drying and convection air 
drying of apple samples. Their work studied the effect of freeze drying on the 
structure of dried apples, and they demonstrated that freeze drying damaged the 
material and cell structure. Electron transmission microscopy was used to calculate 
cell wall thickness in rehydrated and fresh apple samples, and it was proven that the 
type of drying affects the behaviour of apple cubes in rehydration. They did not 
represent any micrographs of the EM images in their paper. 
(Nieto, Salvatori et al. 2004) studied micro and macrostructural changes in apple 
samples in osmotic dehydration with glucose and sucrose treatments. Their 
experiments were conducted to measure water activity, water loss, thickness, 
densities (volume, bulk, and solid–liquid), porosity, and microscopic aspects. They 
showed that weight, volume, and fruit porosity decreased and the solid-liquid density 
increased after the drying process. However, the bulk density increased up to a 
certain point and then altered with increasing time. In addition, porosity improved at 
the end of the osmotic treatments. By using light microscopy and environmental 
electron scanning microscopy, they showed that changes in the bulk density, 
porosity, and volume of apple tissue in osmotic procedure were strongly related to 
microstructural and structural measurement. They implied that these relations can be 
explained by osmosis as a multi component process. Moreover, they used LM and 
ESEM for microstructural analysis. The images of ESEM are more realistic as they 
are taken without any sample preparation, but the qualities of images are not as good 
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as the ESEM. They only interpreted microstructural analysis qualitatively by 
observation without any quantitative proof. 
1.2.3.2 Scanning electron microscopy (SEM) 
(Tortoe and Orchard 2006) studied the microstructural changes of apple during 
osmotical dehydration. In this study, they dehydrated samples in three different 
temperatures and four various osmotic solutions. The dehydrated samples were cut in 
definite dimensions and frozen in liquid nitrogen. Scanning electron microscopy 
assessment was performed on osmotical dehydrated tissues of apple samples, and the 
scanning electron microscopy micrographs presented that osmotic treatment had a 
considerable effect on the structural characteristics of the apple cell wall and middle 
lamella of the apple samples. They demonstrated that the temperature increase 
enlarges the intracellular spaces, and found by SEM image interpretation that cellular 
alteration and collapse occurred in osmotically dehydrated samples. Stereo anaglyph 
was used to determine the microstructural changes of samples. Anaglyphs for 
osmotical dehydrated tissues showed larger intercellular spaces compared to fresh 
samples. They used freeze drying method after fixing the sample for dehydration 
instead of critical point dryer (CPD). CPD can change the structure of the tissue 
because of the shrinkage, but the freeze drying effect on shrinkage was not 
considered. It was the main difference between their method for SEM sample 
preparation and other methods. Finally, they demonstrated that the intercellular 
spaces were larger for apple samples treated with higher concentrations of sucrose 
solution at higher temperatures compared to the fresh samples or samples treated at 
lower temperatures. This work can be improved for obtaining the desired quality of 
osmotical dried apples while considering the time and concentration of osmotic 
solutions. 
(Bai, Rahman et al. 2002) dried the apple rings in different temperatures by heat 
pump dryer at a constant temperature, and humidity during drying. They studied the 
physical and structural changes in dried samples by using SEM and measured the 
porosity of dried samples. They preferred heat pump drying to conventional air-
drying as they stated that by using heat pump it is possible to control the temperature 
and air humidity. They showed in this analysis that by increasing the drying time, the 
moisture content of the apple tubes decreases. The moisture content of the dried 
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apple slices at lower temperatures decreased slower than the apple slices dried at 
higher temperatures. Furthermore, moisture loss was faster in the first stage of drying 
in any temperature. Shrinkage was defined as the ratio of the sample volume in every 
drying stage at any moisture content to the original volume of the materials before 
drying. Measuring shrinkage in apple slices dried at different temperatures indicated 
that the lower drying temperatures caused more shrinkage of the apple slices than the 
higher drying temperature. This could be due to the hardening occurrence in apple 
tubes that are dried at the higher temperatures. Regarding the porosity, they showed 
that decreasing the water content increased the porosity of the apple slices linearly. 
With scanning electron micrographs of interior and exterior surfaces of apple slices, 
they observed that the cell walls were undamaged and the cells adhered together.  
In lower temperatures, cells maintained their three-dimensional form but with 
increasing temperature they lost their three-dimensional organization. Cellular 
collapse increased, and the amount of pores among the cells decreased. Also at 
higher temperatures, large cracks developed. These cracks could be formed by 
connecting the pores during the last stage of drying. The interior view showed tissue 
collapse and pore formation in all drying temperatures. However, the pores that 
formed in dried apple at 60-65 °C were much larger than the pores that formed in the 
two other temperatures. Finally, they stated that the porosity of apple rings increased 
linearly when decreasing the moisture content during drying, and then reached a 
constant value. Sample preparation of fresh apple cubes for Scanning Electron 
Microscopy was done with an ethanol solution without any fixation pre-treatment. 
Therefore, the structure may be changed without fixing the samples. They wrote that 
the dried apple sections were adhered to stubs by resin and coated with gold for SEM 
imaging. The SEM imaging could not be done clearly without sample preparation. 
Their images were unclear because of the low voltage (5.00 KV) they used. 
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Table 1.3 : Comparison of the Physical and Microstructure Changes in Dried apple  
(Relative Humidity = 20-25%)(Bai, Rahman et al. 2002). 
 
Finding a relationship between physical and microstructural properties is one of the 
most important subjects which they did not consider. They only interpreted the 
physical and microstructural characteristics individually and compared them at the 
same time. The results of the physical changes in apple slices dried at different 
temperatures were shown quantitatively in Table 1.3: the higher drying temperatures 
caused less shrinkage of the slices than the lower drying temperature. They used a 
critical point dryer for 90 minutes for drying purposes in SEM sample preparation. 
(Araujo, Téran et al. 2003) showed that CPD causes 25% shrinkage in animal tissues, 
which could happen in plant tissues as well. Perhaps, the percent of shrinkage can 
change. 
(Askari, Emam-Djomeh et al. 2006) studied the effect of different coating materials 
(starch, pectin, and carboxymethylcellulose) on the texture of apple slices dried by 
microwave and hot-air dryer. They hypothesized that as apple has a high moisture 
content, it could not resist shrinkage during conventional dehydration. Therefore, 
they suggested an appropriate coating on the surface of freshly sliced apples prior to 
dehydration to supply a crispy dried product. They examined different coatings and 
achieved minimization in tissue collapse by using pectin and starch. Scanning 
electron microscopy (SEM) technique was used to evaluate the effects of coating 
procedures on the microstructure and texture of samples. Coating, air-drying, and 
microwave treatment produced puffed and porous dried apples. In addition, the 
microstructure of dried apples coated by starch and pectin improved with added 
CaCl2 after microwave treatment. SEM photos demonstrated that coating with pectin 
affects the cell wall thickness, but the amount of thickness change cannot be 
determined. They indicated that microwave treatment, even at low microwave power 
and for a short time, can have major effects on the quality of dried apple. It was 
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demonstrated that microwave treatment enhances rehydration capacity and reduces 
the texture firmness, due to cracks and origin deformation in cell walls during the 
treatment. They did not interpret microstructure changes of the cells occurring during 
drying and after coating; they only expressed that the coating diffusion to the apple 
tissue can improve the firmness of dried apple and avoids tissue collapse during the 
cooling period. They did not mention the protocol they used for SEM samples 
preparation. 
(Erle and Schubert 2001) compared the apple and strawberry cell structure dried by 
combined microwave-vacuum and osmotic pre-treatment. They observed cell 
collapse in untreated apples’ behavior; however, the collapse that they found in 
cellular structure was much less compared with the heat pump dried apple that had 
been studied before. They only studied the surface not the inner structure, as the 
collapse can be different on surface and interior parts. 
SEM images showed that the cellular structure preserved better when osmotic pre-
treatment is used. The osmotic pre-treatment in vacuum-drying maintained the 
cellular structure to some extent by preserving the three-dimensional nature. During 
osmotic dehydration, vacuum pulse in heat pump drying caused the collapse. 
However, as shown in Figure 2, the images were not taken vertically to show the 
structural changes. 
 
Figure 1.2 : Cell structure of microwave- vacuum dried apple without   
                            pretreatmen  adopted from (Erle and Schubert 2001). 
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(Nowak and Lewicki 2005) compared the microstructure of apple slices dried by 
convection hot air dryer and infrared-dried slices with scanning electron microscope. 
They stated that the cells of convective dried apple slices are smaller than infrared 
dried apples and the microstructure is shapely homogeneous. The structure of 
infrared dried apple slices in the final material was variable. Large cells were mostly 
at the surface layer absorbing infrared energy, because infrared could penetrate a 
little to the food material and it lost energy during penetration. On average, the 
cavities are much larger than convective dried apple slices. As in infrared, the sample 
temperature is not constant like the drying temperature, and there is no correlation 
between the structure and final material temperature. Also, the time of drying was 
not the same so they suggested that the drying rate could influence the changes in the 
structure of the material. During the work they only interpreted the images by vision 
and without any measuring tools. Also, they blanched some samples before drying 
and stated the effect of blanching. In fresh samples, there were well-arranged pores 
in apple tissue, and in blanching some cell walls were disrupted. As a result, pores 
connected to each other and became larger than in the fresh ones. Therefore, drying 
process accelerates as the water removal speed. This sentence is incomplete.  
(Askari, Emam-Djomeh et al. 2004) studied the effect of three different drying 
methods: hot air, microwave-assisted air drying, and osmo-air drying on the 
microstructural changes of apple slices. To prevent an enzymatic reaction that cause 
browning and improve porous structure, blanching was done in hot water. Apple 
tissue is composed of many regular pores, and they showed disruption of some cell 
walls after blanching. As a result, pores became larger than in fresh ones. This 
improves the drying process by increasing the rate of the water removal. In the figure 
bellow, they showed the drying curve of blanched and unblanched samples. They 
measured the physical properties of dried apple samples such as porosity and density, 
and demonstrated that drying method has an important effect on sample density and 
porosity. Finally, they showed the use of combined methods of drying. They 
achieved results using microwave heating as the final stage of drying, which may 
increase the porosity of samples. 
In studying the microstructural changes by SEM, they showed that a combination of 
different drying methods can prevent microstructural damage during drying and 
increase the porosity of the last dried products. With microscopic images of air dried 
16 
apple tissue, they expressed that during drying tissue is collapsed and cell volume is 
reduced; also, these samples have low porosity. When they added a microwave 
treatment to air drying, larger pores were found. However, they goal was to produce 
a completely puffed product but this required more studies on other drying methods 
and trying different temperatures. Also, many conditions should be considered. 
 
Figure 1.3 : Drying curve of blanched and unblanched sample  
       (Askari, Emam-Djomeh  et al. 2004) 
1.2.3.2 Confocal laser scanning microscopy (CLSM) 
(Funebo, Ahrne et al. 2002) studied the effect of microwave and convective 
dehydration in simple, ethanol pre-treated, and frozen apple on their physical 
properties, drying kinetics, and microstructure changes. The microstructure of dried 
and rehydrated apples was studied by CLSM method. The samples were stained with 
Congo red without any further pretreatments for CLSM, and they did not mention the 
time of staining. Congo red is a water-soluble base stain that can affect the structure 
of dried and rehydrated products during staining because of moisture absorption. 
Perhaps, fixing the samples before staining by a fixation can prevent the 
microstructural changes and assist with obtaining more exact results. 
(Prothon, Ahrné et al. 2001) evaluated the result of microwave-supported air drying 
with and without pre-treatment on apple samples. They did osmotic pre-treatment in 
sucrose solution at 50, 60, and 70°C temperatures. In microstructural studies they 
stated that a thickening of the cell wall after the osmotic pre-treatment had been 
observed. They do not give any quantitative information in the amount of increasing 
thickness in the cell walls. In their work, they used confocal laser scanning 
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microscopy (CLSM) to study the microstructure of apple cubes. Also, to conduct 
CLSM they firstly stained the samples with Congo red. Congo red is a water soluble 
stain, so we can hypothesize that staining the dried samples can change the structure 
because of moisture absorption during staining. 
They also indicate a decrease in cell sizes but they do not quantify the reduction 
amount due to the large differences in cell size within the apple tissue. This could be 
done by minimising the sampling area and with conducting statistical tests as we 
have done in present work.  
(Funebo, Ahrné et al. 2000) studied the effects of microwave heat treatment prior to 
air dehydration on Physical properties and microstructure of apples. They heated 
apple cubes with microwave energy before air-dehydration at 40°C, 60°C, and 80°C. 
After a distinct period of time, the cubes were finish-dried with only hot air. They 
studied the microstructure of the dried apple cubes with confocal laser scanning 
microscopy (CLSM), and demonstrated that dried apple pieces were softer and less 
shrunken when only dried with air dehydration compared to pre-treatment with 
microwaves. They also expressed that pre-treatment with high microwave energy had 
strong effects on the final product quality compared with air dried, and in their 
compartments they demonstrated that microwave pre-treated and dried apples have 
higher bulk density and larger shrinkage than air-dehydrated apples. In their work, 
apple samples were damaged on two levels as a result of dehydration. Larger gaps 
were produced at higher air temperatures during the microwave heating, but this 
combined method was very promising from an economic point of view. Microwave 
heating for a few minutes at first resulted in hard and shrunken apple cubes; this kind 
of dried apple cubes is ideal for carrying and storage. The high rehydration capability 
that they investigated shows that between shrinkage, bulk density, and rehydration 
capacity there is no essential for a correlation. However, they did not examine the 
quality of the rehydration, and a likely correlation between rehydration capacity and 
stress rates of rehydrated foods that is not distinct should be investigated. The other 
point was the same as their last work in 2000 on staining the samples before scanning 
with CLSM. As we mentioned, this can change the microstructure because of 
absorbing moisture. Also, no quantitative survey between physical and 
microstructural characteristics had been conducted. 
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1.2.4 Relationship between physical and micro-structural properties 
In all of the above works that were conducted, the physical or microstructural 
changes or both were studied in a sample, but none of them related the physical 
changes to microstructural changes quantitatively. Despite studies on correlations 
between microstructural and obvious physical changes of some kinds of food, not 
much information quantitatively is available to explain such relationships.  
One of these features is fractal dimension. Following are the works that have been 
conducted recently in relation to this, and it can be concluded that fractal dimension 
could be used as a sufficient structure-quality index connecting microstructure 
features to physical changes in food stuff.  
(Kerdpiboon and Devahastin 2007) applied fractal analysis in studying a model food 
(carrot). They developed correlations between microstructural change and physical 
changes. The microstructural changes were shown quantitatively by the changes of 
the fractal dimension (∆FD/FD0) of apple sample microstructural images and the 
physical changes were shown by the volumetric shrinkage and rehydration behavior. 
The carrot cubes were dried by hot air drying (HAD) and low-pressure superheated 
steam drying (LPSSD). The results represented that the physical features correlated 
well with ∆FD/FD0 of the microstructural micrographs of carrot. In their work, they 
demonstrated that the fractal dimension of the micrographs of the carrot samples 
surface increased with increased drying time. This could be due to raises in the 
irregularity of the surface as dehydration proceeded. They used different air 
temperatures and received results that higher air temperatures and velocities led to 
higher amounts of fractal dimension. Physical changes and microstructural changes 
of carrot were divided into two periods, uniform and nonuniform deformation. 
However, it was shown that the microstructural changes of the samples dried with 
different drying methods were relatively different. The fractal dimension of carrot in 
the drying process increased with increased drying time for both low-pressure 
superheated steam and hot air drying, and in expressing microstructural changes of 
carrot cubes they used light microscopy (LM). After capturing the images, the 
images were used for fractal dimension calculation by image J software. Many 
sample preparation stages were needed before capturing each LM micrographs. The 
sample sectioning by microtome is also required so the SEM could be a better way of 
scanning than the LM they used. 
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(Sansiribhan, Devahastin et al. 2010) evaluated microstructural changes and their 
relations with shrinkage and hardness as physical properties of carrot quantitatively 
during hot air drying at two different temperatures. They got results that deformation 
of the cells increases during earlier stages of dehydration. This can be due to the loss 
in moisture content of the sample. However, at the final periods of dehydration the 
most deformation of the microstructure in cells was observed, even as the moisture 
ratio did not alter much. The relation between ∆FD/FD0 and the physical changes 
that was shrinkage here was reasonably well recognized by them. They showed in 
graphs the percentage of cell diameter distribution according to cell diameter in 
different moisture contents. It was not obvious in graphs that each graph is belonged 
to what time of drying as they stated them according to humidity ratio. They used 
SEM for capturing images of dried and fresh samples. However at the sample 
preparation stages for SEM analysis the samples were dried by critical point dryer 
that could influence all the result because of creating shrinkage in drying process. 
They used pearson’s correlation coefficient for statistical analysis, that is for linear 
regressions.  
(Gusnard and Kirschner 2011)  They showed at their work in examine cell shrinkage 
during preparation for SEM that critical point drying cause 25-30% reduction in 
diameter in two kinds of specimens of isolated mouse hepatocyte nuclei and in 
human erythrocyte. But as they were in animal base not in plant base so it is not 
obvious that critical point drying causes the same reduction in plant cells as well or 
not. However, it certainly causes shrinkage in plants.  
(Sansiribhan, Devahastin et al. 2010) evaluated microstructural changes and their 
relation to shrinkage and hardness in carrot fruit, quantitatively during hot air drying 
at two different temperatures. Their results revealed that deformation of the cells 
increases during earlier stages of dehydration, which can be due to the loss in the 
samples’ moisture content. However, at the final periods of dehydration the most 
significant deformation of the microstructure in cells was observed, even as the 
moisture ratio did not alter much. The relation between ∆FD/FD0 and the physical 
changes (shrinkage) was reasonably well recognized by them. They showed in 
graphs the percentage of cell diameter distribution according to cell diameter in 
different moisture contents, and used SEM for capturing images of dried and fresh 
samples. However, at the sample preparation stages for SEM analysis the samples 
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were dried by critical point dryer which could influence all of the results because it 
creates shrinkage in the drying process. Yet, they did not mention the amount of 
shrinkage. They used Pearson’s correlation coefficient for statistical analysis, which 
is for linear regressions.  
In examining cell shrinkage during preparation for SEM, (Gusnard and Kirschner 
2011) showed that critical point drying caused a 25-30% reduction in the diameters 
of two kinds of specimens; isolated mouse hepatocyte nuclei and human erythrocyte. 
However, as the tests were conducted on animal bases not plant bases, it is not clear 
whether critical point drying causes the same reduction in plant cells. Nevertheless, it 
certainly causes shrinkage in plants.  
(Sansiribhan, Devahastin et al. 2011) selected carrot fruit as their sample. They 
studied dried carrot microstructure with two types of indicators: regulating the 
change of the fractal dimension of samples microstructure (∆FD) and regulating the 
change of the average sample cell diameter (∆D). They used three different drying 
methods: vacuum drying, hot air drying, and low-pressure steam drying, and tried to 
demonstrate the relationship between physical changes such as shrinkage and 
microstructure changes. The volumetric shrinkage and hardness of dried carrots were 
measured for physical changes. Microstructure imaging was obtained using SEM, 
and the ANOVA analysis showed that changes in the form of the cell walls and 
intercellular spaces notably affected the hardness. Finally, the results showed that 
either ∆FD or ∆D appear to be a sufficient comprehensive macrostructural change 
indicators and correlated well with the loss of moisture during and after drying. In 
this article, the researchers used 60 and 80  temperatures for drying methods. 65 or 
70  temperatures and other methods of drying could be also examined because 
usually the fruit drying temperature is 58 . The results showed that during the first 
stages of drying, ∆FD/FD0 and ∆D/D0 increased with decreasing moisture content, 
and shrinkage and hardness increased because of deformation.  
They showed that ∆FD/FD0 or ∆D/D0 could monitor the physical changes of the 
sample during drying. They analyzed images with ImageJ software and then related 
the obtained results through microstructural changes to the product texture. The 
samples were dried by critical point dryer which could have influenced all of the 
results because of shrinkage creation.  
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Microscopic techniques have been used recently for interpreting microstructural 
features such as size, shape changes in different plants and animal cells, intercellular 
spaces, and cell wall deformation-relaxation changes (Funebo, Ahrne et al. 2002). 
Different instruments have been used for cellular studies on food materials such as 
scanning electron microscopy (SEM), Environment scanning electron microscopy 
(ESEM), Confocal laser scanning microscopy (CLSM), and Transmission electron 
microscopy (TEM). Better magnification, larger resolution, higher depth of focus, 
and simplicity of sample observation of the scanning electron microscope (SEM) is 
the main reason for selecting SEM. Furthermore, SEM samples need less sample 
preparation steps before capturing images compare with LM. Therefore, SEM 
images could be obtained in much less time than the LM images. 
Both of the SEM and LM instruments have been used for imaging carrots by 
(Kerdpiboon and Devahastin 2007) and (Sansiribhan, Devahastin et al. 2011). The 
SEM images were clearer than LM. SEM technique is not used for dried apple with 
hot air dryer without any combined drying method. In SEM, the sample could be 
fractured by freezing in liquefied N2 for scanning. However, in LM technique 
microtome is used for sample sectioning, and the samples must be paraffin wax 
embedded before sectioning. 
In moisture content measurement, different methods are used in literature and the 
most famous method is oven drying. However, this method is time consuming and 
destructive. Near Infrared spectroscopy can be used as an accurate and non 
destructive method in measuring moisture content at the food materials. Sometimes, 
the amount of the sample that is used for analyzing moisture content by oven drying 
method is so small, and as a result a non-destructive method is needed. Also, in some 
cases time is a critical point that should be minimized in measuring the moisture 
content. The oven method is a time consuming method. In this research, near infrared 
spectroscopy is investigated to measure the moisture content in apple samples.  
Food structure at the micro levels has a significant role in the mass transfer process 
such as drying. Drying is described as the evaporation of the greater part of water 
which normally exists in a food material into a vapour phase, through the use of 
controlled heat circumstances (Mujumdar and Devahastin 2000). The kind of drying 
method along with the physical and chemical changes that arise during drying 
influence the quality of the dehydrated products (Ramírez, Troncoso et al. 2011) 
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The effect of the different drying methods and dehydration conditions on the 
microstructure of fruits and vegetables has been studied previously. Several key facts 
have been investigated at the microstructural level that may influence the 
macrostructure of food. The most significant of these facts is cell shrinkage, which is 
directly related to the water lost during the drying process (Lewicki and Pawlak 
2003) 
It has been established that the shrinkage of cells and intercellular spaces in the 
period of apple slice drying has a linear relationship with the moisture content and 
size parameters. Thus, several geometrical features of raw material can be related to 
its drying behavior, which can be fitted by different models. One of the most 
important of these features which is a good indicator of microstructural changes is 
cell perimeter (Ramírez, Troncoso et al. 2011).  
This study considers micro structural changes in apple slices during and after 
convectional air drying, and evaluates them quantitatively using two kinds of 
microscopy: Confocal Laser Scanning Microscopy (CLSM) and Scanning Election 
Microscopy (SEM). NIR and oven method is used to measure moisture content. 
The aim of this research is to understand the effect of hot air drying on the size, 
quantitative parameters (perimeter) of cell cavities on a model food (apple slices), 
and how the change in water release rate during hot air drying affects the 
microstructure of apple slices. 
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2.  MEASURMENT AND ASSESSMENT TOOLS 
2.1 Purpose 
Two drying temperature with a specific dryer has been selected in this study. These 
twmpratures has been selected because these temperature use in industry for drying 
purposes. 
2.2 Dryer 
The hot air drying experiments were performed in a lab dryer (Excalibur food 
dehydrator Parallax, 5 trays. Serial no 11028736) with dimensions of L 42 cm x H 21 
cm x D 50 cm and adjustable thermostat, 26 Hour Timer & Parallax. The Drying 
System worked with the AUS standard of 230V and 50 Hz. A schematic form of a 
hot air dryer used in our work is shown in Figure 4. 
 
Figure 2.1 : Schematic diagram of a Excalibur HAD 
 
The temperature-controlled, fan-forced, horizontal drying system is mounted on the 
back of the dryer. Cool air is drawn at the back, heated, and then distributed evenly 
across each tray, pushing moisture out through the front of the unit. The electric 
heater is rated at 400W and has five trays.  We removed all trays and only used the 
third tray in all experiments, and put our samples on the third tray. The air velocity 
over the tray was fixed at 1.5m/s in both drying temperatures (57°C and 70°C). 
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2.3 Scanning Electron Microscope 
The Quanta200 scanning electron microscope (SEM) is used in our work. Enlarged 
images of specimens that were prepared for SEM scanning were captured with 
magnifications of 200x in 20 kV, which is a high voltage mood in spot 4. 
The Quanta200 has three operating vacuum modes to deal with different sample 
types. High vacuum is the conventional operating mode associated with all scanning 
electron microscopes. The two other application modes are low vacuum and ESEM. 
In this mode, the column is under high vacuum and the specimen chamber is at a 
high pressure range of 0.1 to 40 Torr.  
Four main components combine together to produce the images from the sample: an 
electron gun, a demagnification unit, a scan unit, and a detection unit. The electron 
gun, which is the source emitter, produces electrons within a small spatial volume 
with a small angular spread and a selectable energy. This beam enters the 
demagnification unit, consisting of several electromagnetic lenses, and exists to 
arrive at the specimen surface with a much smaller diameter than that produced by 
the gun.  
Electrons striking the specimen react with the atoms of the sample surface and 
produce three types of signals: X-rays, electrons, and photons. The main detector 
system picks up the electrons, amplifies them, and converts them into electrical 
voltage, which is sent to the monitor to control the intensity of the scanning spot. 
The scan generator signal, fed to the deflection system of the monitor, moves the 
beam in a raster pattern over the specimen area. The electrical voltage changes as it 
rasters, which provides serial information of the specimen surface. This signal, 
modulated by one of the detection systems, produces the onscreen image. Table 
captions must be ended with a full stop. 
2.4 Confocal Laser Scanning Microscope 
The Confocal laser scanning microscope that was used in our work is a Zeiss 510 
Meta and the software used is Zen2009. CLSM is equipped with a laser light source, 
with the laser scanning head and an automatic focusing stage connected to a monitor 
and PC. CLSM is a completely automated microscope with three independent lasers, 
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six laser lines, and spectral head for spectral imaging. This head allows for easy 
differentiation of very similar fluorescent dyes and fluorescence from auto 
fluorescence. CLSM supplies high resolution images, high depth of focus, easy 
visualization of 3D structures, red/green anaglyphs, 3D reconstructions, animation, 
and the concurrent analysis of surface and internal structures. 
The system can operate in two modes: in reflected light or in fluorescence mode. We 
used the 405 laser line to image the auto fluorescence of the tissue and the images 
were taken at the magnification of 100x. 
2.5 Near Infrared Spectroscopy 
Near infrared spectroscopy was performed using a Bruker MPATM (Multi-Purpose 
Analyser) FT-NIR (Fourier Transform near Infrared) spectrometer (Bruker Optics, 
Germany). The source lamp emits light of wavelength 800–2500 nm (12,500–4000 
cm−1 wavenumber). The diffuse reflectance mode is used with a fiber optic probe. 
The fiber optic probe consists of 100 optical fiber bundles in two sets; one set 
transmits the NIR light to sample and the other receives the reflected light from the 
sample. Bruker OPUS 6.5 software is used for analyzing data and is run on a 
personal computer. The spectrometer is connected to the PC. 
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3.  MATERIAL AND METHODS 
3.1 Sample Preparation 
Apples (Gala) with an average initial water content of 6.6 ± 0.1 gr/100 gr (db) were 
purchased from a local supermarket in Brisbane, Australia and stored in a refrigerator 
at 4°C before use. The average moisture content of the fresh apples was determined 
by oven drying method (AOAC, 1990) and NIR spectroscopy. A single batch of 
apples was used in all experiments, which were limited to a period of time.  
For sample preparation, after the apples were removed from the refrigerator they 
were equilibrated at room temperature before each pre-treatment and following 
drying. 
The apples were washed and peeled with a sharp knife and then cut into cylinders 
(diameter: 22 mm; thickness: 3 mm) using a hollow stainless steel cylinder of 60 mm 
diameter with a sharp edge. Apple cylinders were obtained from the parenchymatous 
region of the apples. The cores were removed using a hollow steel cylinder of 25 mm 
diameter with a sharp edge, and then apple cylinders were cut into four slices. Only 
the middle two to three annular rings per apple were taken for the experiments for 
obtaining the balance samples.  
3.2 Sample Pretreatment 
To generate visible and quantifiable changes at a microstructural level, and to ensure 
the origin microstructure of apple cells in apples slices did not change prior to air 
drying, one pretreatment is used. 
The apple cylinders were immediately immersed in 3% citric acid solution in 
distilled water at 20 c for 1 minute to prevent enzymatic browning reactions and 
undesirable enzymatic, before putting them in the hot air dryer. To drain the samples, 
we placed them between two filter papers and spread them on the drying tray. 
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Citric acid is used for anti-darkening and antimicrobial pretreatments. We prepared 
the citric acid solution by stirring 1 teaspoon (5 grams) of citric acid into one quart 
(1000 milliliters) of cold water, then sample soaked in this solution for three minutes 
and removed them with a slotted spoon, draining well and dehydrating.   
Pre-treating fruits prior to drying is highly recommended, as it helps to prevent light-
color fruits from darkening during drying and storage. Research studies have shown 
that pre-treating with an acidic solution dip also enhances the destruction of 
potentially harmful bacteria during drying, including Escherichia coli O157:H7, 
Salmonella species and Listeria monocytogenes. (Sofos 2012) 
3.3 Dryin Method 
We used one Hot Air Drying method but at two different temperatures. The dryer 
was operated at an air velocity of 1.5 m/s parallel to the drying surface at 57°C and 
75°C. To conduct each drying experiment, approximately a quarter of the apple 
cylinders were used. Drying experiments were conducted at 57°C and 70°C. In all 
drying periods, the inside temperature was controlled to be constant with a 
thermostat that was installed inside the dryer. A sample was taken at every 30-minute 
interval to determine the moisture content (method 984.25; AOAC 2000) along with 
its microstructure. 
That experiment was then ended and a new experiment was undertaken until the next 
sampling time was achieved; these steps were repeated for 3.5 hrs. All of the 
experiments were duplicated. The samples were taken from the dryer every 30 
minutes and placed in the desiccators to cool them before examination 
3.4 Measuring Moisture Content (Oven Method) 
The moisture content was measured gravimetrically by drying tissue in an oven 
(Heraeus RT 360) at 100°C for at least 18 hours.The classic laboratory method loss 
on drying (LOD) was used, which is used for measuring high level moisture in solid 
or semi-solid materials. Apple samples that we wanted to measure were cooled in the 
dry atmosphere of a desiccator after being removed from the hot air dryer, and then 
were cut into two pieces with a knife and weighted with a digital 0.001 accuracy 
digital balance (Electrical balance B/C series, Made in Germany). After they were 
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put into a preheated oven, the temperature was adjusted to 100°C till the equilibrium 
was at a constant weight. The samples were every 0.5 hours and cooled in the dry 
atmosphere of a desiccator, and then reweighted.  
The drying curves were obtained by taking out two cubes from the oven and 
calculating the moisture content every 0.5 hours. It was assumed that the samples 
were representative. Finally, the water content was calculated in a hot air oven model 
(Mercury, model:PSO451) according to AOAC official method (AOAC 2000). 
3.5 Measuring Moisture Content (NIR Method) 
The experiments conducted by this NIR showed that repeatability of the output 
spectrum can be affected by vibration of the probe during scanning. To minimize the 
effects of these factors, a rig was made to keep the probe steady during scanning. The 
probe is lowered (until it touches the sample’s surface) and locked tightly in place. 
Spectral data was taken over the complete range of the NIR spectrum. This range 
was at 16 cm−1 resolution and the averaged spectrum was over 64 scans. The 
required time for each scan in NIR absorbance spectrum was approximately 20 
seconds. 
3.6 Methods for Micro-Structure and Image Analysis 
3.6.1 SEM quantification of cell premiter 
Microstrucral images of a sample were obtained prior to observing the microstructure 
of a sample via SEM, and the sample was prepared in the following manner. Samples 
from the time period of 0-3 hours were examined every 0.5 hours. The parenchyma 
tissue of fresh and hot air dehydrated apples were cut into cubes in approximately 
10mm*5mm*5mm pieces with a sharp blade. The cubes were placed successively in 
5ml bottles containing Glutaraldehyde 3%. The tubes were labeled with the name, 
time, temperature, and date of examination before filling with Glutaraldehyde. 
Fixing was done for preserving samples and to avoiding any unwanted structural 
changes during sample preparations, for scanning electrons microscopy and 
stabilizing the structure and composition of the biological system. 
The following materialsawere used as fixatore: 
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(1) Gluteraldehyde buffer GA = gluteraldehyde 
2.5% GA + 4% PFA/0.1M phosphate or cacodylate buffer. The buffer should be pH 
to 7.2, stored at 4°C (good for one year). 
After we fixed the samples in Fixation Buffer* for 4 hours at room temperature or 
overnight in 4°C buffer, the samples were rinsed with o.1M cacodylate. They were 
buffered three times and each time for 10 minutes at room temp before proceeding to 
post fixation.  
 (2) Osmium tetroxide buffer  OsO4 = osmium tetroxides 1% OsO4/0.1M phosphate 
or cacodylate buffer 4hr in room temp. We made fresh - 1-2 days in advance to 
dissolve. Fixation: Immerse sample in 2.5% glutaraldehyde in 0.1M Cacodylate 
buffer, pH 7.4 for 2 hours at room temperature or at 4° C (in refrigerator) overnight. 
Primary Wash: 3 washes (each 5 minute duration) in 0.1 M cacodylate buffer pH 7.4 
Dehydration: 2 x 10 min. in 50% ethanol2 x 10 min. in 70% ethanol2 x 10 min. in 
90% ethanol2 x 15min. in 100% ethanol1 x 10 min. from a newly opened bottle 
Drying: 2 x 30 min. Critical Point Drying 
Mounting: Mount the sample, which is now completely dried, onto metal stub with 
double sided carbon tape labeled and correct orientation 
Sputter Coating: Finally, apply a thin layer gold over the sample using an automated 
sputter coater.  This process takes about 10 minutes. 
At drying critical point drying or HMDS could be used , We  used critical point 
drying instead of the hexamethyl disilazane (HMDS) solvent,. It has been 
demonstrated that HMDS solvent is not suitable for drying sample cells for 
examination by SEM and cause cell structure shrinkage more than CPD (Araujo, 
Téran et al. 2003). 
Two different drying methods, critical-point drying (CPD), and 
hexamethyldisilazane (HMDS), are usually used in preparing SEM samples. (Bray, 
Bagu et al. 1993) compared these drying method in plant cells; they showed that 
plant samples showed signs of shrinkage regardless of which drying method was 
used. But CPD method preserved the quality better than HMDS; these results 
indicate that plant specimens, chiefly with cells with large vacuoles, are effectively 
preserved only with the CPD method. 
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3.6.2 Critical point drying principles 
Air drying of samples can cause collapse and shrinkage at the cells’ structure. The 
main reason for such damage is the effect of surface tension. Critical Point Drying is 
a technique in which the surface tension can be reduced to zero. If the surface tension 
becomes very small and as a result the liquid surface reaches a very unsteady phase 
and finally vanishes, that is a critical point in CPD method. When this 'critical point' 
is achieved, it makes it possible to change from liquid to gas without any sudden 
change in state and contact with a surface; as a result, the damaging effects of surface 
tension will be avoided. (s) 
3.6.3 Sample preparation for SEM method 
However, each sample was fractured by freezing them in liquid N2 for preventing 
damage to the cells as well as any blade or knife traces, before being mounted and 
then coated with gold for 10 µm. 
Finally, the microstructure of the prepared specimens was observed by SEM along 
the cross-section at the inside of the gold coated cube. Only the microstructure 
alongside the cross part at the center of the specimens and the parts of samples that 
were completely horizontal were randomly chosen to be observed, since the angle of 
the captured images is important. Also, it was not feasible to analyze via the whole 
surface by using image analysis at one time. The microstructural images were 
obtained using a scanning electron microscope (Quanta200) at 200× magnification at 
image sizes of 885 × 1022 pixels.  
Each SEM micrograph of the apple slices was analyzed by Image J software (version 
1.46Natl. Inst. of Health, Bethesda,Md., U.S.A.), which is capable of analyzing and 
calculating the perimeter, diameter and ferret dimension of the images. Before 
mounting the samples on the disks to enter in the Quanta200, we wrote the names 
and other specifications of the samples behind the disks. 
3.6.4 CLSM quantification of cell premiere 
A small section was cut with the sharp blades from the inner part of the dried and 
rehydrated apple cubes. The specimens should be very thin and the surface should be 
as flat as possible in cutting with a blade. Then, the samples were directly placed on 
the glass slide microscope without any further preparation. The samples were not 
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stained as we assumed that staining could change the microstructure due to moisture 
absorption during the staining process. 
Using an excitation wavelength of 500nm and detecting wavelengths above500nm 
with a Confocal Laser Scanning Microscope (CLSM) (Zeiss 510 Meta, Germany), 
micrographs were taken using1008 Objective with an image size of 1250 pixels and 
981 pixels. Again, each CLSM micrograph of the apple slices was analyzed using 
Image J software (version 1.46Natl. Inst. of Health, Bethesda,Md., U.S.A.), which is 
capable of analyzing and calculating the perimeter of the image. 
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4.  DATA ANALYSING AND RESULTS 
4.1 Drying Kinetix 
We calculate Moisture Content According to the wet base (wb) and dry base (db) 
methods in each sample according to the following equations: 
 
                                             (4.1) 
                                                                             (4.2) 
MCwb =    Moisture content wet basis  [%] 
MCdb =    Moisture content dry basis  [%] 
mi =    Initial weight 
mf =    Final weight  
 Weight of initial sample  
 Weight of sample after drying 
Hence, the experimental data of moisture amount according to dry base of the apple 
slices at two different temperatures is used for calculating the dimensionless moisture 
ratio (MRt). The dimensionless moisture ratio is given by equation5: 
                                                                   (4.3) 
Where  is the moisture content at any time (g water/g dry basis), is the initial 
moisture content (g water/g dry basis) and is the equilibrium moisture content at 
the equilibrium time (g water/g dry basis). The values of is quite small compared 
to  and , so the equation can be simplified to: 
    That we will show in this study by:    MR=X/X0 
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Table 4.1 : moisture contant of apple slices samples accordibg to wet base (Wb), 
dry base (Db) and moisture ratio(MR) 
Time/min 
57°C 70°C 
Db Wb MR Wb %Moisture(Wb) MR 
0 563.482 84.919 1.000 563.482 84.919 1.000 
30 302.139 74.788 0.538 279.043 73.209 0.497 
60 121.919 53.937 0.216 93.049 47.395 0.166 
90 57.562 36.164 0.103 47.295 31.029 0.085 
120 34.001 25.200 0.060 19.589 16.201 0.035 
150 14.384 12.558 0.025 8.954 8.217 0.016 
180 10.609 9.558 0.019 8.240 7.609 0.015 
210 9.035 8.277 0.016 8.029 7.427 0.014 
 
Table 4.1 shows the amount of moisture content according to dry base (Wb), wet 
base (Wb) and moisture ratio at different drying temperatures and times. 
4.2 Methods for NIR Analysis 
As discussed above, the sample should be unchanged when taking the images from 
the same part. We measured the moisture of the near parts of samples in apple tissue 
with the oven drying method and compared them with the NIR method at the same 
part of microstructure measuring. 
Partial least squares (PLS) regression method was used to find the basic relationships 
between response and predictor variables, and was used as the multivariate statistical 
method in this study. PLS is a linear regression technique. Some of the relationships 
between the moisture content and spectra during some periods of drying may be non 
linear. From the other side, non-linear may not model raw spectral data completely. 
As a result, non-linearity may be linearized using pre-processing, transformations 
and pretreatment algorithms (Geladi, MacDougall et al. 1985), or may be avoided 
altogether using wavelength selection techniques (Viscarra Rossel 2007). In this 
study, both techniques were used to optimize the relationship between the variables 
and predictor. Spectral preprocessing was conducted for spectroscopy by ParLeS 
software before analysis, and each sample’s average moisture needle probe as 
response and corresponding NIR spectral data as predictors were gathered and 
designed in the software suite. 
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Figure 4.1 shows the prediction amount of moisture content measured by NIR, and 
Figure 4.2 shows the amount of moisture content according to wet base fitted by the 
results we achieved by using the oven method. The amount of R2= 0.9779 
demonstrates that NIR can accurately predict the water content in apple samples 
during the drying process. 
 
Figure 4.1 : NIR correlation according to fit moisture contant 
 
 
Figure 4.2 : NIR correlation according to prediction  moisture contant 
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4.3 Moisture Results  
The drying curve of apple slices undergoing HAD at 57 and 70 °C is shown in Figure 
4.3 according to the dimensionless moisture content (X/X0). Apples with initial 
moisture content in the range of 5.51–5.58 kg/kg d.b. (dry base) and around 84-85% 
w.b. (wet base) were dried to a final moisture content of around 0.08 kg/kg (d.b.) or 
7-8 % w.b. 
The amounts of moisture in the samples are shown in Table 4.                        
The drying rate of both drying conditions (57 and 70°C) is shown in Figure 7 to 
identify the constant and falling rate period. As can be seen, there is no proof of a 
steady rate period in drying. 
For both drying temperatures tested, no regular rate period of loosing moisture in 
samples is seen; maybe a regular rate period of drying existed in the first 30 minutes 
as we took the first sample after 30 minutes. However, it should be studied. As 
observed in Figures 6 and 7, there are three falling rate stages for each drying 
condition. Samples dried at 57 °C in a HAD are in the first falling rate stage until 60 
minutes, and the second falling rate stage is more constant until about 135 minutes. 
At this time, the changes in moisture ratio are less that the first stage and the slope of 
the line is less than the first stage. The third stage begins from 135 minutes until the 
desired moisture content is reached between 180 and 210 minutes (Figure 4.3). 
Samples dried at 70 °C in the same HAD, as seen in Figure 4.3, are in the first falling 
rate stage until 60 minutes. Then drying is in the second falling rate stage, it is 
similar to 57°C but continues almost till 120 minutes (Fig 4.3). At the third stage, 
samples reach the equilibrium moisture content at 180 minutes, and when continuing 
the drying until 210 minutes, changes in moisture rate are so little. 
Furthermore, it is observed that the average needed drying time to get to the desired 
moisture content of around 0.08kg/kg (d.b.) in 70 °C is less than the average needed 
drying time to get to the same amount of moisture in 57 °C. It reaches 0.08kg/kg 
(d.b.) moisture content in 70 °C in 180 minutes and almost the same moisture content 
in 210 minutes. 
Figure 4.3 shows that there was no lag period. The moisture content of the apple 
slices dried at 57 °C decreased slowly from 85% to about 25% (wb) after 120 
minutes of drying. In comparison, the apple slices dried at 70 °C showed a faster 
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moisture loss from 85% to 16% (wb). 
 
Figure 4.3 : HAD kinetics of apple slices dried at 57 and 70 
Moreover, moisture loss was faster in the first 120 minutes, and during this time the 
moisture content fell to 25% (Wb) in 57 and 16% in 70. Thereafter, the rate became 
slower until the moisture content was about 9% (Wb), after 180 minutes. Apple 
slices dried at 70 °C showed faster moisture loss. The most moisture loss rose in the 
first 60 minutes. The drying curves present the time wanted to dry apple slices to the 
desired moisture content at these temperatures at one HAD. Thus, if the moisture 
content of dried apple has to be reduced 60%, the drying time would be 120 minutes 
at 57 °C and 1000 minutes at 70 °C. 
4.4 Image Analysis 
The results obtained by analyzing the images with ImageJ offered two separate 
behaviors. One of the behaviors in cellular parameters is related to the shape of the 
cells and the other is directly related to different kinds of cellular dimensions. The 
most important parameter of these cellular dimensions is area and perimeter In this 
study, the perimeter of cells has been selected for measuring as it is an appropriate 
indicator of changes in cell dimension in the drying process. The perimeter is 
measured by ImageJ software. All dimensions obviously decreased with increased 
drying time. In a primary test, the perimeter and area showed more sensitivity than 
Feret diameter.  
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4.5 Cell Perimeter Calculation and Distribution 
During the early period of dehydration, moisture moves out from the cells to the 
surface of the sample. This led to a regular reduction in the cell dimension because of 
a relatively unifom shrinkage of the cells. The cell perimeter was calculated by 
selecting the freehand section and assuming no particular shape to the cells. Imagej 
calculates the dimension of the cells according to pixel, so the values are changed to 
µm according to the magnification of the images. The average cell perimeter for each 
drying temperature was calculated separately in Microsoft Excel. The distribution of 
the cells’ perimeter in every drying temperature for different time intervals was 
evaluated by the MATLAB program. We calculated the cell perimeter in both SEM 
and CLSM images.  
Obtained values from MATLAB show that the average cell perimeter of each sample 
changes during drying. Figure 4.4 shows that the average cells’ perimeter changes 
during drying at different times in 57 °C and 70 °C calculated for SEM images. 
The SEM images and equivalent cell perimeter distributions can be seen in Figures 
4.7 – 4.10. The average cell perimeter of fresh and dried apples can be detected from 
the graphs. For fresh apple, the average cell perimeter was in the region of 6.98 
(0.01μm) (Table4.2) , whereas the average cell perimeter of dried samples decreased. 
For example, it was 6.91 (0.01μm) (Table 4.2) for SEM samples in 57 °C at the first 
stage of drying and reached 4.95 (0.01μm) at almost the end of drying.  
Primarily, the cells resembled a circle shape as shown in Figures 4.7 and 4.9 and 
detected in Figures 4.11 and 4.13. The cells’ shape did not change much as the 
samples reached the end of the drying period. ImageJ analysis also demonstrates this 
matter in our study. 
As seen in Figure 4.4, the dimensional changes at the first stage of drying were less 
than the changes at the end of drying. We can say that at the first stage of drying the 
dimensional rate changes were almost constant and at the second stage they 
increased. But at the last stages of drying between 180 and 210 minutes, the changes 
decreased again. All of these results can be seen in the CLSM images at both 
temperatures in Figures 4.11-4.14. 
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Figure 4.4 : Average cell perimeter changes of apple slices imaged by SEM 
 
 
Figure 4.5 : Average cell perimeter changes of apple slices imaged by CLSM 
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Figures 4.7-4.14 compared the SEM and CLSM micrographs of fresh and dried apple 
samples undergoing two different drying temperatures (57°C and 70°C) in every 30 
minute interval. By considering the cell structure of fresh samples, it was obvious 
that the cell walls were almost undamaged and unscathed. However, some small cell 
damage, because of the preparation process, could be seen in some images. These 
figures show differences in the microstructure of apple dried at different 
temperatures in different time intervals. 
In Figures 4.7 and 4.9 (57 and 70 °C), the three dimensional structures of the cells 
were kept; however, in some areas the cells collapsed. In addition, there were lots of 
small pores between the cells. In contrast, in Figures 4.8 and 4.10 which is in the 
second and third stage of drying, tissue collapse has been spread and the three-
dimensional structures have been destroyed to some extent. In Figure 4.8 
(temperature is 70 °C in 120 min of drying), some cracks could be seen at the surface 
with increasing drying time at the same temperature. The tissue has collapsed 
completely and the cracks have developed. Our cellular collapse results are verified 
by the results reported by (Bai, Rahman et al. 2002). Moreover, the higher drying 
temperature resulted in the higher cellular collapse as observed in both the SEM and 
CLSM techniques’ images.  
 
Figure 4.6 : HAD Kinetics of apple slices 
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As predicted, a steady shrinkage of the apple dices’ cells was seen within the drying 
process with drying time (Figures 4.9, 4,10, 4,13 and 4,14). Disruption of the cellular 
walls was clear after 90 minutes of drying in Figures 4.9 and 4.13.  
Figures 4.7, 4.8, 4.11 and 4.12 also show the distribution of cells at the first stage of 
drying. Results obtained by ImagJ were analyzed by the MATLAB program for 
obtaining the amount of cell perimeter distribution in both drying temperatures. The 
changes in the curves at this stage were small, but this movement became more after 
the first stage of drying (Figures 4.9, 4.10, 4.13 and 4.14). However, it could be 
observed that the cell perimeter distribution curves moved steadily toward the 
smaller sizes after the first stage of drying. This can be seen in both the SEM and 
CLSM images. Generally, the number of cells with smaller perimeter increased as 
the moisture content decreased (Figures 4.7- 4.14). 
With increasing drying time and as a result decreasing moisture content, deformation 
and non-uniform shrinkage of the cellular structures occurred. Figures 4.9 and 4.13 
show that when the moisture ratio equals or is less than about 0.1, the shrinkage is 
more than the first stages. 
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Figure 4.7 : SEM photographs showing cross section of apple slice undergoing   
                                            HAD   at 57°C at (A)t=0min, X/X0=1.00; (B) t=30min, X/X0 =0.538  
                                            t=60min ,X/X0 = 0.215. Percentage of cell diameter distribution as a      
      function of each microstructure is also shown 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=1.00 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.538 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.215 
6
0 
m
i
n 
5
0
0 
u
m 
3
0 
m
i
n 
5
0
0 
u
m 
5
0
0 
u
m 
0 
m
i
n 
43 
  
 
 
  
 
 
 
  
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.102 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.060 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.025 
15
0 
mi
n 
5
0
0 
u
m 
12
0 
mi
n 
5
0
0 
u
m 
9
0 
m
in 
5
0
0 
u
m 
44 
  
 
  
 
Figure 4.8 : SEM photographs showing cross section of apple slice undergoing     
                                         HAD at 57°C at (A)t=90min, X/X0= 0.102; (B) t=120min, X/X0 =  
                                          0.060; (C) t=150min,X/X0 =0.025 . (D)t=180min, X/X0= 0.018; (E)  
                                             t=210min, X/X0= 0.016;  Percentage of cell diameter distribution as a       
      function of each microstructure is also shown. 
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Figure 4.9 : SEM photographs showing cross section of apple slice undergoing                      
                                           HAD at 70°C at (A)t=0min, X/X0=1.00; (B) t=30min, X/X0 =0.496   
                                          ; t=60min ,X/X0 = 0.166. Percentage of cell diameter distribution as   
            a function of each microstructure is also shown. 
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Figure 4.10 : SEM photographs showing cross section of apple slice undergoing   
                                           HAD at 70°C at (A)t=90min, X/X0= 1; (B) t=120min, X/X0 =0.5;        
                              (C)t=150min,X/X0 =0.0159. (D)t=180min, X/X0= 0.0146;          
                                             (E)t=210min,  X/X0= 0.0142;  Percentage of cell diameter distribution   
                       as a function of each microstructure is also shown 
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Figure 4.11 : CLSM  photographs showing cross section of apple slice undergoing  
                                           HAD at 57°C at (A)t=0min, X/X0=1.00; (B) t=30min, X/X0 =0.538 ;  
                                          t=60min ,X/X0 = 0.215. Percentage of cell diameter distribution as a    
     function of each microstructure is also shown 
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Figure 4.12 :  CLSM photographs showing cross section of apple slice undergoing  
                                         HAD at 57°C at (A)t=90min, X/X0= 0.102; (B) t=120min, X/X0 =  
                                             0.060; (C) t=150min,X/X0 =0.025 . (D)t=180min, X/X0= 0.018; (E)t=  
                                        210min, X/X0= 0.016;  Percentage of cell diameter distribution as a   
      function of each microstructure is also shown. 
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Figure 4.13 : CLSM  photographs showing cross section of apple slice undergoing  
                                         HAD at 70°Cat (A)t=0min, X/X0=1.00; (B) t=30min, X/X0 =0.496   
                                           t=60min ,X/X0 = 0.166. Percentage of cell diameter distribution as a   
      function of each microstructure is also shown. 
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Figure 4.14 : CLSM  photographs showing cross section of apple slice undergoing  
                                             HAD at 70°C at (A)t=90min, X/X0= 1; (B) t=120min, X/X0 =0.5; (C)   
                                           t=150min, X/X0 = 0.0159. (D)t=180min, X/X0= 0.0146 ; (E) t= 210  
                                     min, X/X0=0.0142;  Percentage of cell diameter distribution as a  
      function of each microstructure is also shown 
 
 
 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.0146 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
1 3 5 7 9 11 13 15 
P
er
ce
n
ta
g
e 
o
f 
ce
ll
 p
er
im
et
er
 d
is
tr
ib
u
ti
o
n
 
Cell Perimeter  (0.01 um) 
X/X0=0.0142 
54 
4.6 Relationship Between Micro-Structure and Drying Rate of Apple 
Figures 4.4 and 4.5 do not give us an exact method of comparing dimensional 
changes in samples. Furthermore, for comparing the perimeter changes according to 
moisture ratio, a more exact method should be applied. To compare the changes that 
are observed every 30 minutes of sampling, the normalized changes of the average 
cell have been calculated: 
 
                                                                                                        (4.3) 
Where: 
  = the average cell perimeter of a fresh sample 
  = the average cell perimeter of a sample at any time during drying 
 
The amount of average cell perimeters and  for each drying temperature in 
SEM and CLSM images are shown in Tables 4.2-4.5. 
As seen from these tables, the dimensional changes (∆P/P0) at X/X0 of less than 
about 0.1 were considerably greater than when the X/X0 was more than 0.1, and at 
the same time changes of X/X0 were not much. 
Table 4.2 : Dimensional changes and average cells perimeter SEM images 57°C 
 
Subject  (y) 
    
(x) 
AVE 
0min 
1 0 6.98 
30min 
0.538343 0.009897 6.91 
60min 
0.215892 0.050077 6.63 
90min 
0.102763 0.109891 6.21 
120min 
0.060435 0.166403 5.82 
150min 
0.025485 0.212544 5.50 
180min 
0.018834 0.253942 5.21 
210min 
0.016022 0.289053 4.96 
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Table 4.3 : Dimensional changes and average cells perimeter SEM images70°C 
 
Subject  (y) 
    
(x) 
AVE 
0min 
0.00 1 6.98 
30min 
0.015101 0.49687 6.873824 
60min 
0.057801 0.166045 6.575816 
90min 
0.123564 0.084573 6.116839 
120min 
0.177145 0.035027 5.742883 
150min 
0.214981 0.0159 5.478818 
180min 
0.260747 0.014668 5.159408 
210min 
0.304805 0.014296 4.85192 
 
 
 
Table 4.4 : Dimensional changes and average cells perimeter CLSM images 57°C 
 
Subject  (y) 
    
(x) 
AVE 
0min 
0 1 8.54 
30min 
0.014665 0.538343 8.42 
60min 
0.053118 0.215892 8.09 
90min 
0.095389 0.102763 7.73 
120min 
0.242714 0.060435 6.47 
150min 
0.346407 0.025485 5.58 
180min 
0.454235 0.018834 4.66 
210min 
0.472428 0.016022 4.51 
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Table 4.5 : Dimensional changes and average cells perimeter CLSM images 70°C 
 
Subject  (y) 
    
(x) 
AVE 
0min 
0 1 8.54 
30min 
0.021677 0.49687 8.36 
60min 
0.081242 0.166045 7.85 
90min 
0.119808 0.084573 7.52 
120min 
0.259535 0.035027 6.33 
150min 
0.373207 0.0159 5.36 
180min 
0.456791 0.014668 4.64 
210min 
0.481965 0.014296 4.43 
 
 
As seen in Tables 4.2- 4.5, with increasing drying time from 120 to 180 minutes and 
then to 210 minutes, the moisture ratio change was about 0.1 at the same time ∆P/P0 
changed significantly, whereas changes of X/X0 were not considerable. 
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Figure 4.15 : Relationship between  and X/X0 of apple slices undergoing   
HAD at 57 and 70°C captured by SEM 
 
Figure 4.16 : Relationship between  and X/X0 of apple slices undergoin   
     HADat 57 and 70°C captured by CLSM. 
 
Figures 4.15 and 4.16show the relationships between  and X/X0 of apple 
slices undergoing HAD at 57 °C and 70 °C. Despite the drying temperature, the 
results showed that  increased with decreases in the moisture content, 
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demonstrating that cellular perimeter decreased in samples due to the moisture loss. 
As a result, microstructural changes increased as the moisture content decreased. 
Furthermore, Figures 4.15 and 4.16 show that during the first steps of drying, the 
average perimeter of cells and therefore  were less changed by decreasing the 
moisture content. As seen from these figures, higher moisture content and the initial 
stage of drying (X/X0 of around 0.1 to 1),  increased with a decrease in the 
moisture content. The changes of  at the first stage of drying were almost 
linear. Near the end of drying, the moisture content reached equilibrium content and 
was almost constant after 180 minutes. Graph 4.15 showed an exponential decrease 
in cellular perimeter with increasing time at the second stage of drying.  
Generally in every drying process, the water content is removed from the material 
until the food material arrived at equilibrium water content, hence the same 
phenomena should occur in fruit drying. We can expand this to cellular dimensional 
changes in the macro level. Figures 4.15 and 4.16 show that the dimensional changes 
in cells are going to be constant after 180 minutes. It can be concluded that 
dimensional changes can be used as an indicator for drying. Theoretically, we can 
say that if dehydration had finished, dimensional values will reach an equilibrium 
amount that is more than zero.  
Quantitative data on the microstructural changes of a definite sample dehydrated 
under a specific drying process at a specific temperature should be similar to a 
sample dehydrated under other drying conditions. In our work, the dryer was the 
same and the method was the same and we only changed the temperature so the 
quantitative information was definitely the same. The following empirical correlation 
was used for the relationship between  and  for apple slices undergoing 
HAD at 57 °C and 70 °C. 
 
                                                                                  (4.4) 
 
In this equation,  is an empirical constant found by fitting the equation to the 
experimental outcomes. 
Furthermore, Figures 4.15 and 4.16 show that, with increasing temperature from 
57°C to 70°C, the decrease of perimeter changes accelerates.  
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However, higher temperatures lead to further decreases in cellular dimension and 
speed up the rate of changes in the cellular dimension. As a result, cellular perimeter 
changes and the cellular shrinkage of apple slices increases. As a model, an alteration 
in temperature from 57 °C to 70 °C increased the rate constant for perimeter change 
by 120% in the same drying time in 120 minutes.  
4.7 Statistical Analysis 
4.7.1 Quantitative evaluation 
Correlations between  and were assessed by the correlation coefficient. 
Correlation coefficients are used in statistics to evaluate how strong a relationship is 
among two variables. Correlation coefficient is regularly used in regression between 
two variables and it may take on any values between −1 and + 1. How close the 
correlation is to 1 means that there is a strong relationship between two variables. If 
the relationship is not linear, the result that is closest to 1 shows that it is closer to a 
linear relationship.  
A positive correlation coefficient shows that the values of both variables change in 
the same direction, while a negative coefficient indicates that the values of both 
variables change in the opposite directions.  
The following formula is used to determine the correlation coefficient generally, 
where x is the amount of  in different drying times, that was from 0 minutes to 
210 minutes for every 30 minutes, and y is the amount of at the same times and 
n is the number of samples.  
 
                                                         (4.5) 
 
The following tables and graphs show that the correlation coefficient of the samples 
dried at 57 °C and 70 °C analyzed by SEM and CLSM techniques. Excel2009 
software is used for calculating the amounts of . 
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Figure 4.17 : Correlation between  and X/X0 of apple slices undergoing at57                        
                                           and 70°C captured by SEM 
 
A logical correlation was found with the of about 0.9459 . This value indicates 
that a decrease in moisture content during dehydration significantly affects the 
changes in dimensional changes. Similar values of Eqs. (4.5)  have been obtained 
from the CLSM images . Therefore, this is another reason for confirming the above 
argument. 
 
Figure 4.18 : Correlation between  and X/X0 of apple slices undergoing HAD        
                                           57 and 70°C captured by CLSM 
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Table 4.6 : correlation coefficients of various parameters 
Condition 
Parameter of interest 
  
SEM  1.000 0.9459 
CLSM  0.9006 1.000 
 
4.7.2 Statistical analysis T test 
Statistical  analysis of different group has been done in excel, first we look at the 
different between 57 and 70° C in both SEM and CLSM groups, results showed that 
there is not any statistically different between 57 and 70 °C according to T Test. 
4.8 CLSM and SEM Comparison 
Figure 4.12 and 4.13 show the average cell perimeter of apple samples at 57 for SEM 
and CLSM. A big difference can be seen in two methods at the beginning of drying 
till 120min at the end of drying period two graphs meet each other, it means that 
CPD does not affect the samples a lot. This could be maybe because that at the end 
period of drying samples had received their max shrinkage and more drying dose not 
effect on them. 
 
Figure 4.19 :  Difference between average cell perimeters of apple samples dried at   
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                                           70 °C by SEM And CLSM 
 
 
 
 
Figure 4.20 :  Difference between average cell perimeters of apple samples dried at  
                                            57°C by SEM and CLSM 
 
4.9 Relationship Between Moisture, Dimensional Changes and Time 
 
 
Figure 4.21 : Changes of X/X0 and  to Time in 57 degrees by SEM 
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Figure 4.22 : Changes of X/X0 and  to Time in 70 degrees by SEM 
 
This section presents the relationship between changes of moisture and dimensional 
to time. Figure 4.21 and 4.22 respectively show the dimensional changes in 57°C and 
70°C degrees by SEM technique. The dimensional changes in 57°C and 70 degrees 
by CLSM are presented in Figure 4.23 and 4.24. As can be seen from Figure 4.21and 
4.22 which indicates the dimensional changes based on SEM pictures, the 
dimensional changes suddenly increase after 60 minutes. Furthermore, the moisture 
has not a significant decrease after 90 minutes. 
In Figure 4.23 and 4.24 which shows the dimensional changes based on CLSM 
pictures, the dimensional changes suddenly grow after 90 minutes. However, the 
moisture has not significantly decreased after 90 minutes. 
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Figure 4.23 : Changes of X/X0 and  to Time in 57 degrees by CLSM 
 
 
 
Figure 4.24 :  Changes of X/X0 and  to Time in 70 degrees by CLSM 
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5.  DISCUSSION 
5.1 Drying Kinetics 
Comparing the samples dried at 57°C with the samples dried at 70 °C, it can be seen 
that a higher temperature leads to a higher drying rate shown in figure 8. This 
phenomenon can be explained by the rise of heat driving force due to higher 
temperatures. In heat transfer theory, heat energy is transferred under the driving 
force. The driving force is provided by a temperature difference between samples 
and drying air. In higher drying temperatures, the difference between drying air and 
samples are more than lower temperatures. As a result, it can be concluded that the 
driving force is high in upper temperatures. (Maroulis, Kiranoudis et al. 1995) 
Furthermore, increases in the drying rate can be related to the rate of mass transfer. 
In the same way, mass is transferred under the driving force. A partial pressure or 
concentration difference called driving force leads to mass transfer. As a result, at 
higher drying temperatures, mass transfer is more than lower drying temperatures. In 
addition, the reason for higher drying rates at higher temperatures can be explained 
by moisture diffusivity. It has been demonstrated that moisture diffusivity is more at 
a higher drying temperature (Bai, Rahman et al. 2002).  
As it can be seen in figure4.3, in both temperatures, the moisture loss is faster at the 
initial stage of dehydration. It can be seen that the most moisture loose (about 80% of 
the total moisture content) occurred at the first 60 minutes of the drying process. This 
study is in agreement with Rahman and Lamb studies. They recognized that the 
instant start of a falling rate was a feature of food materials (RAHMAN and LAMB 
2007). This phenomenon can be explained by the large amount of moisture gradients 
inside the samples which leads to a faster loss of moisture. Moreover, moisture 
migration might be resisted due to the collapse at the surface of the sample at the last 
stage of drying.  
It is however observed that the average drying speed in the whole period of 
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dehydration for samples dried at 57°C were lower than same samples at 70°C to 
achieve a constant moisture content. Furthermore, the differences in moisture content 
changes at different stages of drying can be explained by bound water. At the early 
stage of drying, the amount of bound water is not much affected by heating. 
 In every drying process, the water activity of the environment is lower than the 
sample’s water activity. In this process, first the unbound water, then the loosely 
bound water and at last the tightly bound water is removed. The most moisture 
content of the sample are unbound water that does not interfere in cell volume 
significantly. The bound water is indeed the water that holds the cell’s volume. This 
amount is about 10% of the whole moisture content. Because the bound water 
evaporates in the last drying stage, most cell volume changes also happen in the last 
stage. 
Disruption of cell walls can be also considered as a factor that affects the rate of 
drying. Comparisons with the disruption of the cell walls have been presented in 
Figure 4.9, 4.10, 4.13 and 4.14 with Figure 4.7, 4.8, 4.11 and 4.12, and it can be 
concluded that cell disruption increases when the drying rate increases. It therefore 
can be assumed that cells disruption is a feature that affects the drying rate. 
Considering drying kinetics, it can be seen that there is no constant rate in the drying 
process. Due to a lack of a constant drying rate period, it could be that the drying 
process is in fact inner mass transfer controlled. 
5.2 Physical Change Analysis of Apple Slices 
Considering all micrographs show that the amount of shrinkage at a high drying 
temperature (70 °C) was smaller than that at low temperature (57 °C). However this 
work concurs with Ramos. et al, As the apple tissue is almost homogeny the moisture 
content at all parts of the sample is almost the same, e.g. the centre of a slice almost 
has the same moisture content of the surface and is never very higher than at the 
surface (Ramos, Brandão et al. 2003). So the reason for larger shrinkage at lower 
temperatures could be because at low drying rate, internal stresses are lower than the 
higher rates and the sample shrinks completely onto a solid center. Wang and 
Brennan found that shrinkage in the potato samples starts to form from the surface of 
the sample and then steadily moves to the deeper parts of the sample and with 
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increasing the drying time it goes deeper(Wang and Brennan 1995). Furthermore, 
they found elongation in the cell walls. However at higher drying temperatures the 
external layers of the product become rigid rapidly and the material gets its final 
volume earlier than lower temperatures. In the drying process as the drying continue 
the tissues split and then break internally, causing an open structure to be formed, as 
a result the cracks are shaped in the internal structure. While the internal part finally 
shrinks and dries, the inner stresses pull the tissue and cracks are formed on the 
surface as was found in the apple samples in this study. 
5.3 Relationship Between  and X/X0  
During the early period of dehydration, moisture moves out from the cells to the 
surface of the samples. This leads to a regular reduction in the cell dimension 
because of a relatively uniform shrinkage of the cells(Sansiribhan, Devahastin et al. 
2011). This phenomenon is shown in Figure 4.7 and 4.8, corresponding to a linear 
change in  with reference to reduction of moisture content. Consequently, it 
shows dimensional changes of the cells and cell walls were proportional to the 
moisture loss. 
However, the phenomenon that occurs toward the end of drying is that moisture 
content became lower(X/X0 = 0.01), at the same time  kept increasing 
constantly, but the moisture content of the sample did not change greatly. This can be 
due to the continual collapse in the microstructure of the sample when the drying 
time increases. In addition, this feature can be explained by migrating water within 
the cells at the later stage of drying, leading the cells to be pulled down and 
collapsed(Mayor, Silva et al. 2005). 
On the other hand, at a low moisture level, the sample temperature came close to the 
drying temperature. Drying of foods is a way to increase the glass transition 
temperature. At this stage, the sample drying temperature is higher than the glass 
transition temperature (Del Valle, Cuadros et al. 1998). Therefore, a structural 
collapse occurs in the sample in the second stage more than the initial stages, hence 
considerable changes in the microstructure occur even when the moisture content is 
near to constant value and does not change much (Rahman 2009; Mayor and Sereno 
2004). 
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When moisture begins to dissipate from the cells, the moisture gradient causes 
stresses and decreases in turgor pressure. Turgor pressure pushes the plasma 
membrane against the cell wall of plants. In the drying process, the loss of turgor 
pressure causes the cell walls be pulled down. Pulling down cell walls resulted in 
wrinkle of the cells and leads to collapsed structure.  
At the end of the drying period cellular dimension decreased significantly.    
At higher moisture content levels (X/X0 of around 0.01) raising the drying 
temperature from 57to 70°C did not influence the change of the cell perimeter 
significantly. This is illustrated in  figures 10and 11 where almost the same moisture 
ratio (X/X0) for the cell perimeter distribution of a sample dried at 57 °C was very 
similar to that of a sample dried at 70°C. This indicates that in the initial period of 
dehydration the drying temperature does not affect the  significantly.  
Apple tissue consists of two main components: cell walls which present the elastic 
support; and protoplasmic fluid that applies hydrostatic pressure to cell walls. It also 
includes intercellular spaces. These spaces filled at first with air, which in apple 
parenchymatous tissue may account for as much as 25% of total volume (Del Valle, 
Cuadros et al. 1998).In this early stage, intercellular spaces of the apple sample was 
influenced more by the raised drying temperature. 
Shrinkage and surface cracking are incidents that happen during dehydration. It can 
be in figures 4.9 and 4.10 that shrinkage occurs in the cells during drying. As it can 
be observed, the amount of cells in these images are more than the amount of the 
cells in image 4.9 Images as the specification of images are the same for all images. 
This is because shrinkage occurs in cells during drying.  
(Moreira, Figueiredo et al. 2000) demonstrate that shrinkage of apple samples dried 
by convection air drying is considerably anisotropic. They found this phenomenon in 
studying the shrinkage of apple rings during drying at 70 °C. A possibility of cracks 
in the surface of the apple slices due to uneven stress growth was suggested as well. 
However, drying lead to shrinkage of the cell and as a result twisting of the cells 
happen. 
Shrinkage and surface cracking have unpleasant effects on the final product. Usually 
shrinkage is not uniform during the dehydration process and leads to surface 
cracking because of the creation of stresses that are extremely unbalanced.  This 
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unbalanced pressure is created between the outside pressure and the inside part of the 
product when the resulting material loss of moisture creates contracting stresses that 
causes product collapse or shrinkage. Collaps happens at the final stage of drying 
that limits the moisture migrating at the apple slices. All of these lead to surface 
cracking and alteration in the shape of the final product. (Mayor and Sereno 2004) 
As it can be seen from images 4.11 and 4.12 shrinkage is not uniform because 
moisture and temperature distributions are not uniform. And for this reason stress are 
formed (Grote and Fromme 1984). When stresses reach a critical level the stress 
crack formation occur. With increases in drying temperature from 57°C to 70°C, the 
non uniform distribution of the moisture content in material increases, and this 
involves drying-induced stresses.  
Hardening phenomenon occurs when the surface became stiff or firm(Lewicki and 
Jakubczyk 2004). At a high drying temperature, the external surface of samples miss 
their moisture so quickly and the surface became rigid which limited any resulting 
shrinkage. 
Apple has a high moisture content; therefore it could not resist shrinkage during 
conventional dehydration. Clumping of the cytoplasm occurs during drying process. 
The stresses imposed to the cell and cell walls because of heating and loss of water 
cause changes in shape, size and volume in the final product. 
Considering the two drying temperatures overall it could be resulted from Figs4.7 
and 4.8 in addition to Tables 4.6 that  is an enough generalized microstructural 
change indicator.   Correlates with the moisture loss in drying process. The 
amount values for SEM images (0.9459) s of Shows that. Similar values of Eqs. 
(10)  has been obtained from the CLSM images. Therefore this is another reason for 
confirming the above argument. Finally we can say that this indicator is a good value 
for monitoring the microstructure changes of apple slices quantitatively at 57 and 70 
°C undergoing HAD.  
This data agrees with previous reports by (Sansiribhan, Devahastin et al. 2011). 
 In all the micrographs, tissue collapse and pore creation could be seen. However, the 
pores that form in the apples dried at 70°C (Figure 4.10) are much larger than the 
pores formed at 57 °C (Figure 4.8). 
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However, after comparing the results in two drying temperatures 57 and 70 °C at the 
same X/X0 it is concluded that increasing the drying temperature did not affect the 
deformation. 
5.4 Comparing SEM and CLSM Analysis 
To my knowledge, it is the first study which compares the micrographs of SEM and 
CLSM for dried apples. Our results show, average dimension changes of apple 
sample do not start from the same point for SEM and CLSM graphs at the same 
temperature. All the experiments were repeated three times and this difference was 
seen in all the tests. It can be concluded that the fresh and dried samples in SEM has 
been exposed to second shrinkage after drying. In reference to our methodology 
difference between SEM and CLSM methods can be studied. The main difference in 
the methodology refers to sample preparation. As noted in chapter 3, in preparing 
samples for the SEM images procedure, at the end of the method, samples were dried 
by Critical Point Dryer .We hypothesis that CPD method causes shrinkage in the 
samples. CPD method in SEM sample preparation has been studied by (Gusnard and 
Kirschner 2011) They showed in their work that CPD in cell plants cause about 20-
25 % shrinkage in cells tissue. They study this phenomenon in mouse cells. The 
exact amount of shrinkage on plants cell should be studied also. As mentioned in 
chapter 3, samples must first be fixed to preserve their natural structure. As SEM 
method is a high vacuum method samples must be prepared for the high-vacuum 
imaging environment. Hydrated samples must first be dehydrated before placing 
them in the SEM sample chamber and dried by CPD.  
This work agrees  with the work of (Bray, Bagu et al. 1993) that stated CPD and any 
other drying methods in SEM sample preparation cause shrinkage in cell plants. 
This data disagrees with previous reports by Braetet al. in which they showed no 
difference between HMDS and CPD and little change in the structure of cells.(Braet, 
De Zanger et al. 2003).The exact amount of shrinkage at CPD method should be 
studied as the graph shows that at the end of drying process CLSM and SEM graphs 
are so near and the difference came to minimum. This phenomenon can be explained 
as the samples are going to be near a steady state. However, research into the exact 
cause of this is required.  
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5.5 Relationship Between Moisture, Dimensional Changes and Time 
In studying  relationship between moisture and dimentional changes with considering 
time it can concluded that the most microstructural changes happen after 60 min of 
drying. At the same time sample miss it’s large amount of oisture content. This 
phenomena can be used for applying the drying time as an indicator for keeping 
qulaity of dried product. Furthermore, The microstructural cahnges can be used as an 
indicator of drying. With using some presarvative maybe it can be possible to 
maximise the dried apple quality with minimising the microstructural changes and 
maximising the moisture loss at the same time. This time is the intraction point 
between moisture and dimensional changes curve. 
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6.  CONCLUSIONS AND RECOMMENDATIONS 
Quantitative assessment of the microstructural changes of dried and fresh  apple, , 
during HAD at two different tempratures was performed. The results showed that 
deformation of the microstructure began to increase due to the moisture loss of the 
sample during an earlier period of dehydration. However, at the final period of 
drying most deformation of the microstructure occured, even as the moisture content 
did not change much. However, comparing the results at the same X/X0, showed the 
effect of drying temperature did not have significant effect on the deformation of the 
microstructure. 
 Indicator is tested to conclude if it could be used to monitor the 
microstructural changes of apple slices undergoing HAD at various tempratures 
quantitatively. The results demonstrated that   is an adequate generalized 
microstructural change indicator and correlated well with the loss of moisture in 
drying process. This generalized indicator should prove useful for online monitoring 
of a drying process. For example, if a simple computer vision system is used to 
assess the moisture content of a sample during drying ,that NIR method can be 
develope for this purpose, moisture data can be used to get the microstructural 
change information of the sample. Further study should be made to test the 
applicability of the developed correlations over other temperature range. Use of other 
test materials should be attempted as well. 
6.1 Practical Application of This Study and Future Works 
This work can be used in industry foe making different kinds of HAD machines with 
adjusting the dryers in two or three different temperatures. If the dryer works in 
duration of drying time in two temperatures it can be influence the quality of product. 
Studying on the microstructure of different fruits can be used in HAD method. 
Future research can be done on the relationships between microstructural and 
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physical changes of apple or other fruits undergoing other dryingtechniques. 
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